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raaolutloa 4X/X •> 0. 012 wara obtaiaad on oLyr. 8Pag, 
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Tha lunar spactrum shows that it is not a black body 
amittsr, wifli a dsprsssion batwaan 6 it and 8 it. 

Tha spactrum of itCaph, an M supargiant, 
shows no axcass ovar tha atallar continuum from S it • 

8 It. This tanplias that tha pravioualy idantiliad silicats 
grains ars tha only infrarad activs circinnstallar 
matarial in this star. Tha implications of this will ba 
discussad. 
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SPECTROPHOTOMETRIC OBSERVATIONS OF MU CEPHEl AND 
THE MOON FROM 4 TO 8 MICRONS 

R. W. R0SSXLL, B. T. SoiFEX, AND W. J, Foulest 
Dapartment of Phytka, UnWenity of California, San Diego 
Jitcthtd 1714 Dtctmbtr tt; rmittd ITfi Ftbnury 14 

ABSTRACT 

We have obtained the fint 4-8 ^ tpectrophotometric obeervatioiu (AXA 0.01) of a Cep and the Moon, using the 
NASA Airborne Infrared Observatory. The lunar spectrum shows nongray behavior from 6.5 to 8 a- The spectrum 
of M Cep, ui M2 la star with circuinatellar emi ssio n , shows no evidence for ciicumstellsr excess emission from 4 to 8 a; 
we conclude that silicates provide the only infrared-active component of the circumstellar material. 

Sttbjtcl htadtHtt: dicumstellar shelb — Moon — spectra, infrared 


1. INTRODDCnON 

Infrared observations have established the existence 
of a broad 10-a emission feature in many highly 
evolved late-type (oxygen-rich) stars. This has been 
interpreted as positive evidence tor associated circum- 
stellar matter, and in particular, evidence for the 
existence of silicate mineral gr sins surrounding these 
stars (Woolf and Ney 1969). The star m Cep, an M2 la 
supergiant, was one of the stars used to identify the 
siheates observationally. Spectrophotometry (AX/X'w 
0.01) of M Cep in the atmospheric windows from 3 to 
14 M clearly established the existence of the 10 -m 
emission feature while showing the stellar continuum 
for X < 5 M (Gillett, Low, and Stein 1968). 

Direct observations of the m Cep spectrum from 5 to 
8 Ml not observable with ground-based telescopes due 
to very strong HtO atmospheric absorption, are im- 
portant to define the stellar continuum, and to establish 
properly the strength and extent of the 10-m emission 
feature. These obs^ations can be used to search for 
other infrared-active circumstellar materials to test 
current theories of grain formation in stellar atmo- 
spheres (Gilman 1969; Salpeter 1974). We report here 
QiMtrophotometric observations from 4 to 8 m, ob- 
tained on a flight of the recently commissioned NASA 
flying 36-inch (91 cm) infrared telescope (the Airborne 
Urared Observatory). 

n. EQUIPMENT 

The observations were obtained with a cooled filter- 
wheel spectrometer designed by F. C. Gillett (see 
Gillett and Forrest 1973 for details) and built at UCSD 
specifically for airborne observations. The circular 
variable filter wheel covered the wavelength range 
4.1-8.1 M (mostly inaccessible from ground-based tele- 
scopes) with a resolution AX/X « 0.011. In addition to 
the narrow-band observations, the sp>ecuometer had 
broad-band filters (AX/X ~ 1/10-|) covering the wave- 
lengths 2-8 M to allow for photometric observations of 
sources, for calibration, and for intercomparison with 
ground-based photometry. 


The spectrometer was mounted at the bent Casse- 
grain focus of the telescope using a beam-splitter 
photometer, and used the chopping secondary mirror 
available on the AIRO. This allowed continuous 
viewing of the focal plane for guiding and for infrared 
ol»ervations. The signal was process)^ with the tuual 
phase-sensitive amplifier, sampled through an analog- 
to-digital converter, recorded and displayed by the 
on-board computer system to give real-time signal-to- 
noise ratios for a given measurement. 

m. TEE OBSESVATIOKS 

The observations of m Cep were obtained on an 
AIRO flight on the night of 1974 September S/6. The 
aircraft idtitude for most of the flight was 41,000 feet 
(12.5 km), and the precipitable water vapor above the 
aircraft (monitored m flight) was 7 ± 1 iixa. 

Since these are the first observations of stellar objects 
in this wavelength range, the spectral calibration of the 
observations is most important. Photometry and spec- 
trophotometry of a Lyr, P^, and the Moon were 
used to calibrate the obMrvations. The primary stan- 
dard was a Lyr, which was taken to be a bla^body 
with a temperature of 10,000 K. Broad-band observa- 
tions from 2 to 8 M uid narrow-band observations from 
4.5 to 6.5 M of a Lyr served to calibrate the observations 
of 0 Peg. The narrow-band observations of a Lyr were 
necessary to calibrate the $ Peg ^>ectrum in this 
wavelength ranee, where there is a sli^t depression 
(at ^5 m) in spectrum, probably due to 

moleoilar opacity of CO (^lomon and Stein 1966). 
Broad-band observations at 6.5 m (AX « 3 m) &nd 
8.4 M (AX ^ 0.8 m) verified that 0 Peg behaves as a hot 
blackbody for X ^ 5.5 m- 

The calibrated spectrum of 0 Peg was used in turn to 
deduce the lunar spectrum. This spectrum, taken with a 
17* diameter aperture at the approximate Seleno- 
graphic coordinates 6® S, 67* W, is ^own in Figure 1. 
The shape from 4.5 to 6.5 m &nd at 8 m flts a 355 K 
blackbody fairly well, but the depression from 6.5 to 
8.0 M shows that this particular position is not a gray 
body in this wavelength range. Murcray, Murcray, and 
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Fro. I. — The lunar obtained on the AIRO. Broad- 

band data (ap€m squam) and narrow-band data {clotei emits) 
were calibrate using a Lyr and fi Pec as standards. The Slter 
bandpasses are shown when larger than plotted points. 'Hie 
scatter in the narrow-band data reflects the noue in the calibration 
of the standards $ Pec and a Lyr, not noise in the lunar spectrum. 
The system solid angle is S.S X 10~* sr, to that the 355 K curve 
corresponds to emittivity “ 1. The reflected tolar curve corre- 
sponds to an albedo of 0.06. 

WtlliamB (1970) have previously found this nongray 
behavior in the lunar spectrum. We attribute this 
wavelength dependence of the lunar emissivity to the 
chemical/physical composition of the surface layer 
which was observed. Possible materials with spectral 
features in this region are carbonate minerals and silica 
glasses (Hunt, Wisherd, and Bonham 1950). The 
question of the source of the lunar depression should 
be investigated further in light of the present knowledge 
of the composition of the surface layers of the Moon. 

Finally, the lunar spectnun, smoothed from Figure 1, 
was used to calibrate the 4.5-8 m spectrum of m Cep 
(Fig. 2). (The seemingly circuitous route to the calibra- 
tion of the Cep spectrum was necessary because the 
data on $ Peg were less complete than those for the 
Moon or n C .p.) We have included in Figure 2 infrared 
observations of m Cep from 2 to 14 it, including ground- 
based broad-banci a ad narrow-band observations of 
Forrest, Gillett, and Stein (1974), as well as broad-band 
and narrow-band AIRO observations, and our pre- 


viously unpublished narrow-band observations at 2 
and 3 m- 

The broad-band observations from the AIRO and 
ground-based observations show excellent agreement. 
The 8.4 -m broad-band magnitudes, obtained with 
identical hlters, agree to 0.03 mag between airborne and 
ground-based observations. 

tv. oisctrssioN 

The main features of the 4-8 it spectrum of it Cep 
are the slight depression at >^5 it, and the blackbody 
nature of the spectrum from 5.5 it to 6 it. The 5 -m 
depression is attributed to CO absorption in the stellar 
atmosphere (Solomon and Stein 1966). 

The 5.5-8 it flux appears to be long-wavelength 
emission from a blackb^y at a higher flux level than 
that deduced from the X < 5 m observations. This 
could be due, for instance, to decreased stellar opacity 
in this wavelength remon — allowiiro us to see to a 
higher temperature level (T 4200 K) than is oinerved 
shortward of 5 m (T 3500 K). .An alternate e.xplana- 
tion of this flux would have e.xcess emission from 
circumstellar dust combining with the stellar continuum 
to mimic closely a hot blackbody. This is unlikely, both 
because of the temperature requirements on such 
particles {T > 1000 K) and the pe^iar optical proper- 
ties such grains would require (vutually no emission for 
\ < S It and featureless spectra from 5 to 8 it). 

If the entire 5-8 it flux were attributed to stellar 
emission, there would be several consequences. First, 
the strength of the 10 -m emission feature, which we 
derive by subtracting a hot blackbody fltted to the 
short-wavelength data, is slightly reduced, while the 
emission proflle rises more sha^ly from 8 to 9 m 
compared with the result using the technique of Forrest 
et al. (1974). This new proflle is also shown in Figure 2. 
The lack of evidence for any other infrared-active 
circumstellar material in the 5-8 it spectrum of it Cep 
conflrms the assumption that “silicates” are the only 
grain material observed in this star. This is consistent 
with theories of gr^ formation in the atmospheres of 
o;^gen-rich red giants, which predicts that silicates 
will oe the dominant grains formed in these stars (since 
all C will be in the form of CO — see Gilman 1969; 
Salpeter 1974 for descriptions of the theory). 

Finally, there is no evidence (to 20% of the contin- 
uum) for molecular opacity due to SiO, which would 
peak at 7.8 it (Gillett, Stein, and Solomon 1970). 

We would like to thank R. M. Cameron, C. Gillespie, 
and the entire staff of the AIRO, both for putting the 
Observatory into service, and for their assistance to us. 

The UCSD instrument was constructed largely 
through the efforts of P. Brissenden. F. C. Gillett 
provided the detector. We thank F. C. Gillett and 
W. A. Stein for many helpful discussions. D. Strecker 
provided valuable assistance at .Ames Research Center. 
R. Settnick provided much valuable in-flight vocal 
assistance. 

This research was supported under NASA grant 
NGR 05-005-055. 
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Fro. 2.— Tlx ipectniin of from 2 to 14 «>. The ground-bued dau are broad-band obtervationi tqitaru), and narrow-band 

obtervationf from 8-13 ^ {opm rirefet, Forrett ft «/. 1974), and narrow-band obiervations from 2 to 4 « (Mn lints, previously unpublished 
observations of Soifer a^ Russell). The AIRO data are broad-band IfiUtd trianfUs), and namw-band (/ilM eirtUs) observations. Filter 
bandpasses are shown where they are larger than the pbttcd points. The erron are about S% of the flux for the AIRO dau, and <3% 
for the ground-bated dau. The heavy line b the fit of a 4200 K blackbody to the narrow-band dau between 5.5 and 8 m. The 8^13 m 
excess spectrum (fiusts) is the difference between the observed flux and the 4200 K fit to the dau. The scale factor on the ri^t side of the 
figure refers to the 8-13 0 exceu flux. 
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SPECTROPHOTOMETRY OF CRL 2688 FROM 2 TO 24 MICRONS 
W. J. Foeust, R. M. Meaull, R. W. Rvsscu, and B. T. Sovex 

DqjArtocnt ct Phytic*, Univcnity o( Californu, San Diego 
Kttthtd 1S7S Uarck 10 

ABSTRACT 

Medium-reiolution spectrophotometry (AX/X * 0.01) of CRL 2688 from 2 m to 24 ^ are reported. 
No significant features are found from 3 |i to 24 although the spectral flux distribution is broader 
than that of a single-temperature blackbody. 

Subject ktadingt: infrared sources — nebulae — spectrophotometry 


L INTEOntTCnON 

This Letter reports infrared spectrophotometric ob- 
servations of the infrared source in Cygnus associated 
with twin symmetric reflection nebulae which has been 
recently catalogued by the Air Force Cambridge Re- 
search Laboratories Rocket Survey (AX'alker and Price 
1974), where it will be designated as CRL 2688. (Follow- 
ing the convention of usin^ 1950.0 right ascension and 
declination as a source designation, often used in radio 
astronomy, one might refer to this source as IR 2100-f 
36.) Spectrophotometry from 2 to 24 m (AX/X 
0.015) was obtained at the UCSD-University of 
Minnesota 152-cm Mount Lemmon infrared telescope 
between 1974 May 3 and December 27. Table 1 gives 
a journal of these observations. See Ney et al. (1975) 
and Crampton, Cowley, and Humphrey (1975) for 
complementary observations and discussions. 

n. OBSERVAnONS 

The 2-4 M xnd 8-13 u data were obtained using 
techniques and s)’stems described elsewhere (Merrill, 
Soifer, and Russell 1975; Gillett and Forrest 1973). The 
16-24 M data were obtained using a newly developed 
liquid-helium-cooled gating spectrometer, built at 
UCSD, and which will be more fully described in 
another publication (Forrest and Soifer 1975). The 2-4 
u observations used a L>t and a Cyg as calibration 
standards, and the 8-13 m observations used a Tau and 

TABLE 1 


Obsuvinc Loo 


Date (1974) 

Wavelength 

Region 

Obterven 

May 3 

8-13 

EM.M 

May 20 

8-13 

BTS 8c RWR 

October 20 

2-4 

RMM 

October 25 

2-4 

KM.M 8c RWR 

November 1 

8-13 

BTS 8c RWR 

November 4 

2-4 

K.M.M 

November 5 

2-4 

EPN 8c KMM 

November 27 

8-13 

BTS 8c RWR 

December 25 

16-24 

WIF 

December 28 

16-24 

wJf 


fi Peg as standards. The 16-24 ft observations used the 
Moon as the spectral calibration, while the absolute 
level was taken from the 18 -m bro^-band data of Ney 
et al. (1975). 

The 2-4 M observations were taken with a 9* aperture 
centered on the 3.5 -m flux peak (centered between the 
optical sources but not completely containing them) 
to minimize the contribution to the flux from the 
reflection nebulae. Beam size effects were noted at 
1.65, 2.3, and 3.5 m between concentric 9" and 18* 
beams. No beam size effects were seen at 8-13 ii< xnd 
data using apertures between 9* and 22* were com- 
bined. The 16-24 u data were taken with an 18* 
aperture. 

m. DISCUSSION 

The spectrum (Fig. 1) shows several qualitative 
characteristics of note. The entire 3-24 u spectrum is 
generally a featureless continuum at this spectral 
resolution. Although the 16-24 u data can be fitted by 
a 120 R blackbody, it is clear that the overall spectrum 
is too broad to be fit by a single blackbody. The 8-13 
n data suggest a 200 R equivalent blackbody which is 
hotter than the 10-20 u color temperature oi '^IfiO R 
(Ney et al. 1975). If, as suggested by Ney et al., the 
intense infrared flux from this source is due to thermal 
radiation by warm dust grains, the observed broad 
flux distribution probably suggests that a range of dust 
temperatures is being observed. This could be due to 
the radiation transfer process through an extended 
dusty envelope and/or geometrical effects in an asym- 
metric source allowing us to see some warmer dust 
(e.g., a slightly tilted torus in the model of Ney et al.). 

The 8-13 M spectrum of CRL 2688 appears completely 
smooth and featureless. This lack of features is quite 
unusual: most objects where the infrared radiation is 
attributed to thermal reradiation of dust do show 
features characteristic of the emitting material in this 
wavelength interval (see Forrest, Gillett, and Stein 
1975, and references therein). Thus the overall grain 
emissivity (due to chemical comi^ition, particle size, 
etc.), combined with the large optical depth local to the 
source (inferred from the go^ agreement between 
color temperature and surface brightness at 10 u — Ney 
et al. 1975) must mask these characteristic signatures. 
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_Fic. 1. — ^Tbe spectrum of CRL 2688 from 2 to 24 Small fittai eirctts, nurow-band obtervttiont. Optn eirclas, larfe fiiUd cvdat, and 
triantfas, broad-nuid data taken with 9*, 18', and 22' apertures. Typical statistical errors in the 2-2.4 a and 3-4 a data are shown in the 
figure. The errors from 8 to 13 a are typically less than 5%, while the scatter in the measured points is indicative of the errors from 16 to 
24 a. Blackbody curves for 130 K and 120 K (the solid line which is higher at 26 a) are shown. 


Also the absence of any absorption centered near 9.7 m 
indicates that there is not a substantial amount of 
cooler (r £ 100 K) silicate dust in the line of sight to 
this source. 

The 2-4 a region of the spectrum contains the only 
evidence of structure. The rise toward shorter wave- 
lengths is almost certainly due to the rapidly increasing 
contribution of reflected light from the obscured centred 


source, as suggested bv the muked aperture dependence 
between concentric 9* and 18* apertures (see rig. 1) as 
more of the optical sources are contain^ within the 
beam (see Ney et al. 1975). The 22* observations, 
taken on 1974 May 3, were obtained under totally 
different circumstances from the later 9* and 18* ob- 
servations, and the disagreement between 18* and 22* 
may not be real. 
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There it no evidence for ice absorption near 3.1 u, 
which it not surprising, since at the observed ISO K 
brightness temperature of the source, the evaporative 
lifetime of ice it very short. The lack of ice abMiption 
indicates that there is not a significant amount of cold 
ice (r 100 K) in the line of sight to the source, 
consistent with the lack of observed silicate absorption. 
A possible emission feature near 3.3 m is suggested by 
the data, but this requires further observations for 
confirmation. 


We would like to thank E. P. Ney for calling our 
attention to this source and for assistance in obtaining 
some of the data, and W. A. Stein for helpful discussions. 
Infrared ulronomy at UCSD is supported in part by 
the National Science Foundation and by NASA 
through grant NGL 05-009-230. 
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THE PECULIAR OBJECT HD 44179 (“THE RED RECTANGLE”) 

Martin Cohen,* Christopher M. Anderson,* Anne Cowley,* George V. Coyn'e,* William M. Fawley,* T. R. 
Gull,* E. A. Harlan,* G. H. Herbig,* Frank Holden,* H. S. Hudson,’ Roger O. Jakoubek,* Hugh M. 
Johnson,* K. M. Merrill,’ Franqs h. Schiffer III,* B. T. Soifer,’ and Ben Zuckerman*-* 
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ABSTRACT 

A strong infrared source detected in the AFCRL sky survey te confirmed, and is identified with the binary 
star HD 44179, embedded in a peculiar nebula. VBVRl and broad-band pholbNietry between 2.2 and 27 p 
are combined with blue, red, and near-infrared spectra, polarimetry and spectrophotometry of the star, and a 
range of direct and image-lube photographs of the nebulL to suggest a composite model of the system. In this 
model, the infrared radiation derives from thermal emission by dust grains contained in a disklike geometry 
about the central object, which appears to be of spectral type B9-AO 111 and which may be in pre-main-sequence 
evolution. Two infrared emission features are found, peeing at 8.7 and 11.3 the latter corresponding to the 
feature seen in the spectrum of the planetary nebula NGC 7027. The complex nebular structure is discussed 
on the basis of photographs through narrow-band continuum and emission-line filters. The polarization data 
support the suggestion of a disk containing some large panicles. No radio continuum emiuioo is detected. 

Subject beadingt: binaries — infrared sources — nebulae — stars, individual 


I. INTRODUCTION 

In R systematic photographic survey by one of us 
(M. C.) of infrared sources seen in the AFCRL sky 
survey (Walker and Price 1975), a number of interest- 
ing identifications have been made on the National 
Geographic Society-Palomar Sky Survey prints. One 
such source coincides with a ninth magnitude star 
embedded in nebulosity. Tne object is AFCRL 
618-1343 - HD 44179 - BD-10M476. The reality 
of the rocket infrared source was confirmed by ground 
based photometry in 1973 October, and direct photo- 
graphs of the nebula were secured in 1973 November 
on the Kitt Peak 4-m reflector. 

From 1973 November until 1974 March, a wide 
range of observational techniques was appli^ to this 
object. This paper describes these observations and 
suggests a composite model of the system based upon 
all the available data. The categories of observation 
discussed below are : § II, photography of the nebula; 
§ III, spectroscopy; § IV, spectrophotometry; § V, 
broad-band photometry; § VI, infrared spectro- 
photometry; § VII, polarimetry; § VIII, radio ob- 
servations; and § IX, the binary nature of HD 44179. 
Each section carries the names of those who have 
contributed to the observations. 

* Berkeley Astronomy Department, University of Cali- 
fornia, Berkeley. 

* Washburn Observatory, University of Wisconsin- 
Madison. 

* Dominion Astrophysical Observatory. 

* University of Arizona. 

* Kitt Peak National Observatory. 

* Lick Observatory. 

^ Department of Physics, University of California, San 
Diego. 

* Lockheed Palo Alto Research Laboratory. 

* University of Maryland. 


II. PHOTOGRAPHY OF THE NEBULA 
R. Brown, T. R. Gull, E. A. Harlan, and R. Kron 

At the position of the infrared source, the Palomar 
prints show a closely nebulous star in the blue, and a 
crisp, rectangular object in the red (figs, la and 16 
[pi. 3]). Direct photographs of the nebulosity were 
obtained in 1973 November and December at the prime 
focus of the Kitt Peak 4-m reflector. These plates, 
and subsequent ones uken with the 4-m and other 
telescopes, were intended to investigate the detailed 
structure of the “red rectangle,” both in the continuum 
and in a variety of emission lines. Figure Ic shows the 
nebula through a broad red (RG 610) filter (15- 
minute exposure, 098-02, l*-2' seeing), and / shows 
a 30-minute exposure, also on 098-02 emulsion, in 
Ha -b [N ii], using a narrow-band filter (90 A). 
In order to provide information on the central 
portions of the nebula, figures Id, le, and I/present a 
sequence of 90 A passband Ha -t- [N n] photographs 
with exposures of 1, 6, and 30 minutes, respectively. 
The spikes first become apparent in the 6-minute 
exposure. A 6-minute exposure with a 90 A bandpass 
filter centered at A6470 in the continuum reveals 
essentially everything seen of the nebular structure 
in the 6-minute Ha exposure, and a 30-minute, 90 A 
bandpass filter which isolates the AA6730 [S ii] doublet 
shows no difference from the same length of exposure 
in Ha. However, a 90 A bandpass photograph in the 
blue at A4400 in the continuum, using the Kitt Peak 
No. 1 92-cm reflector with a Carnegie image tube, 
shows only a stellar image. A second (broad) blue 
plate taken at the prime focus of the Lick 3-m re- 
flector reveals only a faint suggestion of nebulosity 
about the star. 

Several other photographs have been secured of the 
nebula with various filters; a 93-minute near-infrared 
exposure (A^ ~ 8500 A; hypersensitized I-N plate. 
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RG 8 filter) on the 76-cm telescope of Leuschner 
Observatory at Berkeley only faintly indicates the 
northern pair of spikes, although adjacent star images 
have appreciable dimensions; a 30-minute yellow 
photograph (103aG plate, 064 filter) with the 92-cm 
refractor of Lick Observato^ begins to show all four 
spikes emerging from the image of HD 44179. To 
investigate the region in which the sodium D-lines 
arise (see § III), a Kron tube was used on the Mount 
Hopkins 1.5*m telescope; the star image is slightly 
extended N-S into an elliptical nebulosity, rather like 
the appearance in the shortest Ha exposure (fig. Id). 

Extracting the salient features from this wide range 
of photographs, we may summarize the character of 
the nebulosity as follows; in the blue, a very weak 
amorphous nebula is present, very close to the star; 
in the yellow, a bright, small elliptical nebulosi^ 
surrounds the star, and this oval structure is seen in 
the D-lines, whereas the spikes are not, only becoming 
visible in a broad filter; in the red, the nebula shows 
an inner, bri^t, apparently rectangular core close 
to the star, with prominent bright spikes emanating 
symmetrically from its comers. Both rectangle and 
spikes are continuum features rather than line struc- 
ture; in the near-infrared the spikes are weakly visible. 
The highly symmetrical appearance of the nebulosity 
is striking, and much detail is apparent beyond the 
bright rectangular core; for example, there is a second, 
fainter nebulosity present within the north and south 
quadrants which terminates sharply and linearly, 
parallel to the shorter edges of the rectangle. This 
fainter nebulosity meets the spikes at four small, 
bright knots which also limit the extent of the brightest 
portions of the spikes. The spikes persist beyond these 
krots but with a much reduced surface brightness. 
The nebula is about 40' in N-S extent, althou^ wispy 
extensions can be traced further out. 

It should be noted that the spikes are not merely 
telescopic diffraction effects, for they maintain 
essentially the same appearance both in the Palomar 
Schmidt (with north-south and east-west diffraction 
patterns) and in the Kitt Peak 4-m reflector (with 
patterns rotated 45° to the cardinal directions). 
Figure 1 includes purely stellar diffraction patterns 
from the 4-n plates along with the images of HD 
44179. 


III. SPECTROSCOPY 

Anne Cowley, Wilua.vi M. Fawley, E. A. Harlan, 
AND G. H. Herbig 

The spectroscopic material consists of 12 plates 
and an echelle spectrogram of HD 44179. Seven 
plates were taken at the coud6 focus of the Lick 
Observatory 3-m reflector, two in the region AA580Q- 
6800, three in the re^on AA7600^600 at 34 A mm*‘, 
using a cooled Varo intensifier, one covering AA56(X)- 
6200 at 17 A mm*‘, and one centered at Ha with a 
dispersion of 10 A mm"‘. Two plates were taken on 
the 2.1-m reflector at Kitt Peak using the feed for the 
coud6 spectrograph; these cover AA3200-6800 at 
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25Amm*‘ and AA36(X)-5<XX) at 17Amm*‘. Two 
plates were obtained on the coud6 auxiliary telescope 
of Lick Observatory in the region AA58(X)-6800 at 
33 A mm *^. A spectrogram was obtained with the 
Wisconsin 91-cm reflector using an echelle spectrom- 
eter (Schroeder and Anderson 1971) and a Carnegie 
image intensifier; this was center^ at AS890 and 
covered roughly half the spectmra between 5400 and 
6400 A. Sensitometric calibration was that of Ander- 
son and Schifler (1973). 

The blue plate taken at Kitt Peak is very narrow, 
but shows that no emission lines are present in this 
spectral region. The hydrogen lines are broad ab- 
sorptions, and a weak narrow interstellar K-line is 
present. The collection of red plates shows Ha to be 
a strong narrow emission centrally placed in a broad 
absorption; narrow sodium D-lines are present in 
emission. Na t A3889 is weaker than the component 
at A3895, although the reverse is to be expected. It is 
possible that interstellar absorption overlies the Na i 
emission producing this anomaly, although it is more 
likely that the region producing the lines is optically 
thick so that both lines are completely saturated. 

At 10 A mm”‘ the structure of Ha is quite complex; 
the absorption is steep on the blue side but shallow 
and prolonged on the red, while the central sh^ 
emission core is superposed on much broader emission 
wings within the overall absorption. The Wisconsin 
echellogram also shows He i A3876 in absorption, and 
suggests that the EMine emissions are superposed on 
absorption features (fig. 2). In the near-infrared there 
are no emission lines; lines of the Paschen series 
appear in absorption as do those of O i AA777I-7775 
and 8446. No diffuse interstellar features are seen 
throughout the region from blue to near-infrared. 

According to the HD catalog, the spectral type of 
star is B8. An objective prism p’..te, at 108 A mm*' 
in the blue, taken with the Curtis Shmidt at CTIO 
in late 1967, shows an apparently normal late B giant, 
classified independently by Houk and by Cowley as 
B9 II-III. The absorption strength at Ha is that 
expected from a star of type late B to early A, while 
in the near-infrared a type of AO III is appropriate. A 
spectrum of S Aur (B9.3pv) taken at Wisconsin with 
the same echelle spectrograph used for HD ^179 
shows He 1 A3876 to be of comparable strength in the 
two stars, confirming a late B spectral type. Radial 
velocities have been determined from the emission 
lines in the red and from the absorption lines in the 
blue and the near-infrared. The velocities are Ha + 
19.3, Na I A5895 -I- 20.4, Na i A5889 + 20.8 kms*' 
in the red (erron ± 0.7), while the mean radial velocity 
from the Paschen lines and the O i absorptions in the 
near-infrared is 4- 18 ± 2 km s*', and from eight 
hydrogen lines in the blue is 19 ± 9 kra s'*. 

No definite statements can yet be made concerning 
the spectrum of the nebula, but a 30-minute red ex- 
posure at the coud6 focus of the Lick 3-m reflector 
fails to show even the presence of Ha emission, m 
accordance with the photographic information on 
the similarity of nebular structure in Ha and in the 
red continuum. 
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Ftc. 2.— Direct intensity tracing of the Wisconsin echeile 
Sfectrogram of 1973 December 16-17 in the region AAS885- 
9901. ihoMing the D lines. In this plot, the exp>oiure due to 
Kiiicrtd light and image tube phosphor dark glow have been 
tubtracied. in intensity, after processing through the charac- 
tensiic curve obtained from sensitometric strips applied to a 
ptaie from the same glass blank as used for the stellar spectro- 
gram and developed with it. 


IV. SPECTROPHOTOMETRY 

OnusTOPHER M. Anderson, Wiluam M. Fawley, 
Roger O. Jakoubek, Francis H. Schiffer 111, and 
Hyron Spinrad 

On the night of 1973 December 20-21, low resolu- 
tion spectrophotometric observations of HD 44179 
were obtained with the Washburn Observatory 41 -cm 
leiflector and computer controlled scanner. The ob- 
servations were made with a 40 A bandpass at the 17 
standard wavelength points of Oke (196S) in the range 
AA3390-S840 with a T beam. Because of the pro- 
Ubitively low slew rates of this telescope in the sub- 
zero (°F) conditions, it was not possible to obtain a 
full set of standard $ur observations for extinction and 
instnimental-sensitivity calibration. Instead the nearby 
onreddened (Crawford 1963) B9 star HD 44037 was 
also observed, and both stars were reduced to mono- 
cfaromatic magnitudes «■ —2.5 log F, + C 

on the system of Oke and Schild (1970) with mean 
ectinction coefficients and instrumental sensitivities. 
The night was of good quality and the colors, defined 
as i4B(A"‘) — /1B(1.8), of HD 44037 are in excellent 
agreement with observations of other stars of its 
spectral type obtained with the standard procedure. 
We thus feel that these colors can be considered good 
to about ±0.04 mag. 

The results of this spectrophotometry are given in 
table 1 and plotted as a function of frequency in 
reciprocal microns in figure 3. In this figure the open 
triangles are the observe colors of HD 44037 and the 
filled circles are those of HD 44179. The latter is sub- 
stantially reddened. If we assume that the intrinsic 
spectral energy distribution in the Paschen continuum 
of HD 441 79 can be represented by that of HD 44037, 
the color excesses can be determined. The E{B — 
is approximately 0.5 and the excess between 1.8 and 


TABLE 1 

Low Resolution SracraoPROTOMETRY 


X 

A-* 

HD 44037 

HD 44179 

Reddening 

Curve 

HD 44179 
minus 
Reddening 

3390 

2.950 

+0.70 

+ X20 

+0.81 

+ 1.22 

3448 


+ 0.72 

+2.22 

+0.78 

+ 1.28 

3509 

2.850 

+ 0.73 

+Z17 

+0.76 

+ 1.25 

3571 


+ 0.71 

+2.11 

+0.74 

+ 1.22 

3636 

2.750 

+ 0.71 

+ 1.69 

+0.71 

+0.83 

3704 

2.700 

+ 0.58 

+a»9 

+0.68 

+0.07 

3862 

2.589 

-0.16 

+a37 

+0.62 

-0.38 

4032 

2.480 

-0.37 

+0l29 

+0.54 

-0.36 

4167 

2.400 

-0.35 

+0.26 

+0.50 

-0.35 

4255 

2.350 

-0.32 

+tL24 

+0.45 

-0.31 

4464 

2.240 

-0.25 

+ai9 

+0.-7 

-0.26 

4566 

2.190 

-0.23 

+0.18 

+ J.34 

-0.23 

4785 

2.090 

-0.18 

+0.15 

^0.25 

-0.15 

5000 

2.000 

-0.12 

+0il4 

+0.18 

-0.08 

5263 

1.900 

-0.04 

+ao8 

+0.09 

-0.03 

5556 

1.800 

0.00 

0.00 

0.00 

0.00 

5840 

1.712 

+ 0.14 

-0.01 

-0.07 

+0.08 
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I Fio. 3.— The observed end computed monochromatic 

colon as a function of frequency in reciprocal microns. Optn 
I triangles, the observations of HD 44179; open circles, the 

i de-reddened colon of HD 44179. 


2.4 is 0.61. The latter value, along with the mean 
field reddening curve of Anderson (1970) which is 
given in column (S) of table 1, can be used to remove 
the reddening. The results of this process are shown in 
figure 3 by the open circles, and in column (6) of table 
1. It is seen that the Paschen continue are in quite 
good agreement up to 2.48 However, the Balmer 
continuum of HO 44179 is depressed by about 
O.S mag relative to HD 44037. Considering the 
temperature inferred from the presence in absorption 
of He I, this Balmer jump, if stellar in origin, would 
imply a very large surface gravity (Mihalas 1970). 
On the other hand, 40 A bandpass observations at the 
two points at 2.S89 (between H8 and H9) and 
2.700 (which includes H14 to H18) are usually 
seen to be depressed with respect to either models or 
very narrow band scans, and this depression increases 
with higher gravity due to the Stark broadening of the 
hydrogen lines. In this case these points are signifi- 
j cantly brighter in HD 44179 than in HD 44037. This 

I could be an instrumental discrepancy (e.g., due to 

poor centering of HD 44037 -'n the diaphragm), but 
I should be kept in mind. 

Spectrophotometric data on HD 44179 were ob- 
tained on two nights in 1974 February with the prime 
focus scanner and 91-cm reflector of the Lick Ob- 
servatory. The entrance aperture was 1 mm, corre- 
sponding to 42* on the sky. On the first night, HD 
44179 was observed with a 30 A bandpass at wave- 
; lengths used by Hayes (1970) longward of 7000 A. 

Air-mass corrections for this night were empirically 
determined by observations of Hayes’s standard 
stars. On the second night, 90 A bandpasses were 
I used and the star was scanned at 100 A intervals 

between 6000 and 10800 A. Air-mass corrections 
i (rangi ng between 0.02 and O.OS mag) for this night were 

derived by interpolation between values given by Hayes; 


i 

I 
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TABLE 2 

SKcntoPHOTOMrmic Ossirvations with 30 A Bandpasses 


a(A) 

Mag 

MA) 

Mag 

7100 

8.36 ± 0.03 

9832 

8.09 ± 0.07 

7530 

8.33 ± 0.03 

10236 

7.93 ± 0.08 

7780 

8.43 + 0.06 

10400 

8.02 ±0.11 

8090 

8.37 ± 0.04 

10610 

7.90 ± 0.08 

8370 

8.34 ± 0.06 

10796 

7.73 ±0.13 

8708 

8.23 t 0.04 

10870 

7.80 ± 0.13 


Note. — Monochromatic magnitudes are tabulated: -2.3 
lo| (Ft/Fo) with F* ■ 3.46 X lO'** ergs t*‘ cm** Hz**. 
Eirots are I e of the mean magnitudes. 


the night was relatively transparent and without smog 
interference from San Jose. 

The relative monochromatic magnitudes obtained 
from the 30 A data appear in table 2 along with errors 
of I <7 of the mean. Absolute fluxes for these measure- 
ments came directly from Hayes’s calibration of y Gem. 

For the 90 A data, absolute fluxes were derived by 

the following method: monochromatic magnitudes 

wete computed relative to y Gem (because of the large 

number, these are not presented in tabular form but j 

can be supplied on request). For those 90 A regions , 

containing Ha or Paschen lines, we have assumed that * 

the equivalent widths of these lines in y Gem (AO V) 

are equal to those of a Lyr. The widths in a Lyr were 

determined from 10 A bandpass scans kindly made ^ 

available by L. fCuhi. This procedure of determining 

the flux depression probably is internally accurate to 

only 0.05 mag. Finally, absolute fluxes from the 

90 A data for y Gem, and hence of HD 44179, were I 

computed by interpolation between the wavelengths * 

used by Hayes, making the above-described allowance 

for hydrogen line absorptions. The internal photo- < 

metric errors (1 a of the mean) for the 90 A data are | 

O.OS mag or better below 10200 A and increase to ' 

0.10 mag at 10800 A. Figure 4 presents all the 



03 4 5 6 7 8 9 10 1 

X (microns) 


Fio. 4. — The combined spectrophotometry between 0.36 
and l.I p. Both axes are linear plots, and representative error 
bars (1 a of the mean) are indicated, as are the positions of 
sever^ absorption lines. 
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spectrophotometry between 3400 and 10800 A in the 
form of a linear plot of against A. 

The most remarkable features of the composite 
energy distribution of HD 44179 are the verv 
broad apparent emission feature centered at 6900 A 
and the general increase of flux between 8000 and 
10800 A. The depression at 7780 A is most probably 
real and due to the absorption lines of the O i triplet 
near A7774 (see § III). The curious bump in the 
distribution is also clearly seen in 2* aperture observa- 
tions of this object kindly obtained with the Cassegrain 
IDS scanner on the Lick Observatory 3-m reflector 
by H. Spinrad, H. E. Smith, and J. Liebert. Un- 
fortunately these data are not as reliable as the spectro- 
photometry presented above because of cloudy 
conditions, and they have therefore not been shown in 
figure 4. 

V, BROAD-BAND PHOTOMETRY 

Martin Cohen, H. S. Hudson, K. M. Merrill, and 
B. T. SOIFER 

UBVRI photometry of HD 44179 was acquired on 
1973 December 13 and 26 with the University of 
Minnesou-University of California, San Diego l.S m 
Mount Lemmon telescope using a 33' circular 
diaphragm. The phototube was an RCA C31034 with 
a GaAs photocathode for red response and was 
operated in current mode. UBV and R are essentially 
the standard efiective wavelengths and bandpasses, 
but I is somewhat shorter (0.82^) than that of 
Johnson, since the phototube response determines its 
long wavelength cutoff. The two sets of data are in 
excellent agreement and the magnitudes and photo- 
metric errors are presented in table 3. 

Three sets of infrared photometric data were 
gathered in the period 1973 October to December 
with diflTerent aperture sizes. These comprise 
photometry between 2.2 and 18 ft, with 4* beams using 
a liquid-helium-cooled bolometer on the Lick 3-m 
reflector; between 2.2 and 22 /t with 11' beams using 
a similar bolometer at Mount Lemmon; between 2.3 
and 12.5 ft with 22' beams using a photoconductor at 
Mount Lemmon. Observations of HD 44179 at 27 
with I r beams were also obtained at Mount Lemmon 
on a very dry night in February. Table 4 displays these 
infrared magnitudes in three groups according to 
aperture. The total errors in these measurements 
(photometric statistics, uncertainties in calibrations, 
etc.) should not exceed ± S percent from 2.2 to 12.5 

TABLE 3 

UBVRI Photomfihv of HD 44179 with 
33' Duphraom. and 1 a 
OF THE Mean Errors 


Filter A^r(A) Magnitude 


U 3600 + 9.51 ± 0.03 

B 4380 +9.22 ± 0.02 

V 5475 +8.83 ±0.02 

R 6800 + 8.27 ± 0.02 

/ 8200 +7.97 ± 0.03 


TABLE 4 

Infrared Photometry of HD 44179 with Different Beam 
Sizes 

A. Rocket Data, IO" x 3' Beam 


[4J +0.78 [11] -2.63 [20] 

-4.18 

B. Mount Lemmon 1.5-Meter Reflector, 
Photoconducttve Detector 

22' 

Beams, 

[2.3] +3.19 

3.5] +1.22 

4.9] 

+0.09 

|8.4J -2.14 

11.2] -2.63 

12.5] 

-2.87 

C. Mount Lemmon 1.5-Meter Reflector, 
Bolometric Detector 

11' 

Beams, 

2.2] +3.47 

3.6] +1.26 

[4.8] 

+0.27 

8.6] -2.08 

10.8] -2.38 

11.3] 

-2.64 

12.8] -2.80 
27] -4.7 

18] -4.0 

22] 

-3.9 

D. Lick 3-Meter Reflector, 4' Beams, 
Detector 

Bolometric 

[2.2] +3.53 

3.5] +1.47 

4.8] 

+0.60 

8.6] -2.15 

11.5] -2.56 

18] 

-4.0 


±15 percent at 18 and 22 n, and ±25 percent at 
27 n, of which photometric errors alone contribute 
at most a few percent between 2.2 and 27 fi. Table 4 
also includes the magnitudes obtained from the 
AFCRL rocket at 4, 11, and 20/1. The differences in 
magnitude between the 1 1' and 22' data from 2 to 5 /i 
is almost certainly due to differing effective wave- 
lengths caused by the responses of the germanium 
bolometer and the photoconductor; the former has a 
flat responsivity in this region, whereas the latter rises 
steeply at the shortest wavelengths in this range. 
Comparison of the various magnitudes in apertures 
from 4' to 10' x 3' (that of the rocket surv^) suggests 
that the infrared source is essentially pointlike, at least 
on a scale of a few arc seconds. 

Figure 5 combines the UBVRI and infrared 
photometry into the energy distribution of HD 44179 
in the form of AF*(H'cm"*) against A (microns). A 
blackbody curve is also shown for comparison. 

In order to evaluate the reddening we assume that 
both components of the binary (see § IX) have the same 
spectral type, B9-A0 III. S^tion VII demonstrates 
the likelihood of large grains being present around the 
star, and there might, therefore, be a component of 
neutral extinction. However, a reasonable lower 
limit can be placed on the true fluxes by correcting 
the observations for purely interstellar reddening. In 
this manner we find E(B—V) » 0.39 and Ay ^ 1.2 
(from Lee 1968 for T„,~ 10,000° K). Figure 5 shows 
broad-band fluxes de-redden^ by this amount, again 
using Lee’s tables (based on van de Hulst curve no. 
15). Between B and R, the de-reddened curve has a 
slope like a Rayleigh-Jeans tail of a hot blackbody, 
but from / an appreciable near-infrared excess above 
this slope becomes apparent. This excess is also shown 
by the longer wavelength scanner spectrophotometry 
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Fio. S. — The composite energy distribution for HD 44179 between 0.36 and 27 /i, based on the broad*band observations. Both 
observed and de-reddened values of AFa are shown at the shorter wavelengths. Both axes are logarithmic and a blackbody curve is 
shown for comparison. 


(fig. 4). It is possible to fit the Wien portion of a cool 
blackbody (~16(X)°K) into the de-reddened 
distribution between about 0.8 and 2.2 is in such a 
manner that the sum of the fluxes of this blackbody 
and of the Rayleigh>Jeans tail of the hot stellar 
component would roughly match the de-reddened 
observations from 36(X) A to about 2.2 fi. However, 
beyond 2.2^ this simple blackbody curve cannot 
match the data, which present the appearance of a 
slowly rising broad distribution which reaches a peak 
somewhere near 8 ft. The composite XF^ curve should 
be compared with that of HD 45677 (Swings and Allen 
1971). 

It is unreasonable to suppose that there is con* 
tamination of the broad-band near-infrared fluxes 
by emission lines (e.g., the Brackett series) when there 
is no evidence for emission lines of relat^ species in 
the near-infrared spectra. Consequently there would 
appear to be a very broad yet relatively flat infrared 
continuum between 2 and 27 /t. This continuum is 
most probably due to thermal emission by dust 
grains at a range of temperatures and with a variety 
of compositions. There is strong independent evidence 
for dust near the star in the color and geometry of the 
nebula, in the large Balmer discontinuity, in the 
presence of spectral features near 10 n (§ VI), and in 
the polarization data (§ VIII). 

VI. INFRARED SPECTROPHOTOMETRY 
K. M. Merrill 

Spectrophotometry covering the wavelength range 
8-13 ft with a resolution of AA/A x O.OIS was carri^ 
out during 1973 December with a cooled filter wheel 
spectrometer built at UCSD by F. C. Gillett. The 
observations, a total of four scans or 80 seconds total 
integration time per point, were taken with a 22' beam 
at t£e UM-UCSD 1.5-m infrared telescope on Mount 
Lemmon, and were calibrated against a Tau. The 
averaged data shown in figure 6 have a statistical 
accuracy of better than ±5 percent, although the 
absolute flux level is less certain. 

Emission features are seen near 8.7 and 11.3fi 
superposed on a smooth continuum which drops 


sharply from 8 ^ and levels out beyond 10 While 
far less complicated, this spectrum is strikingly 
similar to that of the planetary nebulae NGC 7027 
and BD-i-30‘’3639 where the 11.3-fi feature, possibly 
due to mineral carbonates such as calcium magnesium 
carbonate (Gillett, Forrest, and Merrill 1973), is 
present at nearly the same strength relative to the 
continuum. The 8.7-fi feature, at b«t only marginally 
apparent in the two planetary nebulae spectra (where 
sutistical uncertainty or a possible emission line 
prevents identification), is possibly due to mineral 
sulfates such as calcium magnesium sulfate which in 
the laboratory produce strong narrow absorption 
peaks in the vicinity of 9f» (Lyon 1964). Consistent 
with an extremely low excitation re^on (as evidenced 
by the D*lines in emission), there is no evidence for 
the 9.0-fi [Ar iii], 10.52*fi [S tv], or 12.78 -m [Ne il] lines 
seen in the planetaries. 

VII. POLARIMETRY OF HD 44179 
George V, Coyne 

Polarimetric observations of HD 44179 were made 
in six spectral bands with a dual channel rotating 
half-wave plate polarimeter coupled to a Nova com- 
puter. The observations are listed in table S. They 



8 9 10 M 12 '3 

X(fs) 

Fio. 6.— The »-13 infrared spectrophotometry showin* 
the two emission peaks. 
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Journal or Polarimetric Orservations 



Dale 

1973-1974 

(percent) 

*» 

* (degrees) 

•• 

4p° 

(percent) 

2.72 

Jan. 19 

0.94 

±0.05 

41.6 

±1.5 

-0.01 


Jan. 23 

0.98 

±0.03 

44.3 

±0.9 

-0.08 


Jan. 29 

0.98 

±0.03 

44.0 

±0.9 

0.00 


Mean 

0.97 

±0.03 

43.3 

±1.4 

• • • 

2.32 

. .. Jan. 19 

0.94 

±0.02 

39.6 

±0.6 

-0.02 


Jan. 23 

0.96 

±0.03 

38.6 

±0.9 

-0.05 


Jan. 29 

0.94 

±0.01 

39.7 

±0.3 

-0.01 


Mean 

0.93 

±0.01 

39.3 

±0.7 

• • • 

1.93 

. . . Jan. 19 

0.94 

±0.03 

36.2 

±1.0 

-0.01 


Jan. 23 

1 00 

±0.04 

37.2 

±1.2 

-0.05 


Jan. 29 

1.03 

±0.02 

38.0 

±0.6 

0.00 


Mean 

0.99 

±0.05 

37.2 

±0.6 

• • • 

1.52 

. . . Jan. 23 

1.07 

±0.06 

32.2 

±1.7 

-0.03 


Jan. 29 

1.11 

±0.18 

37.1 

±4.9 

+0.24 


Mean 

1.09 

±0.08 

34.7 

±2.9 

• • • 

1.16 

Dec. 8 

1.38 

±0.16 

27.3 

±3.5 

+ 0.04 


Jan. 23 

1.23 

±0.04 

29.5 

±1.0 

-0.05 


Mean 

1.30 

±0.08 

28.3 

±2.2 

• • • 

1.06 

Dec. 8 

1.26 

±0.33 

23.2 

±7.8 

+0.11 


Jan. 19 

1.43 

±0.31 

22.7 

±6.5 

+0.08 


Jan. 23 

1.38 

±0.07 

25.4 

±1.5 

+0.11 


Mean 

1.36 

±0.08 

23.9 

±1.6 

... 


* The measured tky>polarization coirectiont which were subtracted from the ttar>plui>sky dau to 
obtain the polarization of the starlight listed in column (3). See text for explanation. 
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were made with the l.S>m and 2.3-m telescopes of the 
University of Arizona. Corrections for instrumental 
polarization (less than p ■■ O.OS percent) have been 
applied. Corrections for the polarization of the back- 
ground sky have been made by measuring at the four 
cardinal points at IS' ± 3* from the star with a 10' 
diaphragm (the same as that used for the star-plus-sky 
measurements). Among these four sky measurements, 
the polarization differed by less than 10 percent of its 
mean value and the flux did not differ at all. The 
average polarization and flux were used to determine 
the sky corrections listed in the last column of table S. 
These are the product of the sky polarization, the flux 
ratio of sky to star-plus-sky, and cos 2(8^ — 9,), 
where 6^ and 8, are the position angles of the measur^ 
(star-plus-sky) polarization and the sky polarization, 
respectively, llie corrections are small except for the 
/(1/Ao — 1.06fi~*) filter where they are about 3 times 
larger than the average sky correction and of opposite 
sign. The sky correction at the O(l/Ao ■ 1.52 ft“‘) 
filter for January 29 is anomalous, lliese polarimetric 
results are independent of aperture used in the range 
5' to 20'. 

In figure 7 are plotted the mean percentage polariza- 
tions and position angles of table S. These are the 
observed values corrected for instrumental and sky 
polarizations. The observations, including the position 
angle rotation, can be explained if one assumes three 
components of the observed polarization: electron 
scattering in the stellar atmosphere, Mie scattering 
from large {p'ains in a circumstella* nebula, and inter- 
stellar polarization. 


In order to sample the interstellar polarization 
(/° » 219°, « —12°), the polarization at the G 

filter (1/Ao — 1.93^*') was measured for two stars 
within 6' of HD 44179 (for which m<, » 8.7 mag) 
with the following results: for HD 44219, p » 0.02 per- 
cent, 9—129°, mo — 7,7 mag; for BD-10°1480, 
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Fio. 7. — Percentage polarization (p) and position angle 
(.8) for HD 44179. The error bars give mean errors. The 
position angle rotation is due to a combination of electron 
scattering [p — 0.9S percent, i — 42°] and scattering from 
large grains [p(A), 9 s 7°]. 
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TABLE 6 

Corrected PoLARtMrntic Data when Interstellar and 
Electron Scattering Polarization Components Have 
Been Removed 


2.72 2.32 1.93 1.52 Mo 1,06 

p(7,) 0.07 0.15 0.24 0.37 0.69 0.86 

IH*) • 6 7 9 7 3 


* The resultant position angle at 2.72 m*' is indeterminate. 

p 0.13 percent, 8 » 86®, mo ■ 9.8 mag. The distance 
to these stars is not known and, for want of more 
information on them, the interstellar polarization is 
taken as the average of the two measured values: 
p » 0.08 percent, 8 « 108®. In the catalog of Mathew- 
son and Ford (1970) for seven stars which have 
6“ < -8* and lie within 4® of HD 44179 at distances 
from 350 to 650 pc, the polarization ranges from 0.09 
to 0.40 percent. If the distance to HD 44179 is about 
400 pc (see § X), our estimate of the interstellar 
polarization from the measurement of two nearby 
field stars appears to be essentially correct. 

Polarization by electron scattering is neutral. If we 
assume that the observations between 2.3 itnd 
3.0 p~' in figure 7 represent the electron scattering 
component (p » 0.95 percent, 8 « 42°) and subtract 
this and the interstellar polarization from the ob> 
served polarization, we obtain the results given in 
table 6. The mean polarization position angle (giving 
one-half weight to the value at l/A^ — 1.06 be* 
cause of the anomalous sky corrections) is 7 ± 2®. 
Thus by removing the interstellar and electron 
scattering components we obtain a component with a 
well determine plane of polarization (the plane of 
the electric vector maximum) which is approximately 
parallel to the nearly north-south edge of the rec- 
tangular nebular core (see fig. \d where a line corre- 
sponding to 6 » 7® is drawn). Changes of 0.1 percent 
in the electron scattering and/or interstellar com- 
ponents of the polarization change the resultant 
position angle by less than 10®. This component of 
the polarization must be due to scattering by quite 
large nebular grains, since the maximum of the 
polarization curve has not yet been reached at l/Ag “ 
1.06 aligned at right angles to 9 - 7®. 

VIII. RADIO OBSERVATIONS 
Hugh M. Johnson, D. Matsakis, and Ben 

ZuCKERMAN 

HD 44179 was observed with the 36-m dish of the 
Haystack Observatory' on 1973 December 6 and 7, 
UT, in the 15.5 GHz continuum. A standard technique 
of beam-switching at 10 Hz was used to minimize 
atmospheric noise. The two beams were separated 
horizontally 0?2, and each beam remained on source 
32 s alternately, 10 times to constitute a scan. A total 
of nine such scans were made. The standard source 
DR 21 was observed each night with the same tech- 

* Radio astronomy programs at the Haystack Observatory 
are conducted with support from the National Science 
Foundation. 


nique. Assuming that its flux density is 20.1 Jy at 
15.5 GHz, the derived flux density of HD 44179 is 
-0.023 ± 0.025 Jy. Consequently only an upper 
limit to the strenph of the source can be given. 

Observations of HD 44179 were made on 1973 
November 19, at a frequency of 8.4 GHz using the 
NASA-JPL Deep Space Network 64-m antenna at 
Goldstone, equipped with a right circularly polarized 
feed. Four drift scans were made through the position 
of the object. The average of these scans provides only 
an upper limit to the 8.4 GHz flux in a 211 beam of 
0.022 Jy(l <r). 

IX. THE BINARY 
Frank Holden 

The star HD 44179 is a visual double, ADS 4954, 
discovered by Aitken in 1915. Since its discovery, it 
has been observed on 1 3 occasions and resolved on 1 1 
(see table 7). The observations indicate genuine 
duplicity and obvious motion, and suggest that the 
components were of equal brightness txtween 1915 
and 1947, but have had Sm % 0.4 mag between 1951 
and 1962. The separation slowly decreased from a 
maximum of OT27 in 1921 to 0T17 in 1947, but van 
den Bos was unable to resolve the pair in 1948 (im- 
plying a separation < OTl). Subsequently the pair 
reopened and the separation when last resolved was 
0T2I in 1962. This scattered information does not 
enable the determination of an orbit. 

Recent observations of HD 44179 have been made 
by Holden. The star was examined several times with 
the 92-cm refractor of Lick Observatory in late 1973, 
and with the 1.5-m reflector at Mount Wilson in 
early 1974. On none of these occasions was the seeing 
good enough to show duplicity of the star. The star 
was observed on 1974 April 10, 19, and 20, with good 
seeing using a 92-cm reflector at CTIO. Tlie powers 
used were x700, 10(X), and 1700, but no duplicity 
was noted. Pairs with a separation <0T2 were clearly 
resolved with the same telescope on April 10, and a 
strong upper limit of OTl can be placed on the separa- 
tion of HD 44179. 

If the two stars are indeed of comparable brightness, 
then there are quite severe constraints on the spectral 
type of the companion. Throughout the region from 
the blue to the near-infrared, only a few absorption 
lines appear in the spectrum of HD 44179, and all 
of these are consistent with a late B or early A star. 
A late-type secondary, for example an M star, is 
precluded by the lack of molecular absorptions near 
8(XX)A. Equally, the presence of a hot star, for 
example an O star, is excluded by the UBV and 
scanner data which show no evidence of a continuum 
increasing to short wavelengths. If the early spectral 
type, B9-A0, is appropriate to the primary, then only 
the emission features at Ha and the D-lines remain 
unexplained, yet there is no significant difference in 
radial velocity between these emission lines and the 
absorption lines. Consequently, one is forced to 
conclude either that the companion has a spectrum 
close (B7-A2) to that of the primary, or that a simple 
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TABLE 7 

Binary Omervations or HD 44179 


Date 

Position Angle 

Separation 

hm 

Observer* 

Ni 

191S.11 

14176 

0730 

0 

A 

3 

1921.12.... 

143.8 

0.27 


A 

2 

1930.19.... 

114.3 

0.24 

0 

A 

1 

1941.08... 

168.8 

0.20 

0.2 

B 

1 

1944.06 

214.8 

0.23 

0.2 

B 

1 

194S.17.... 

203.0 

0.20 

0 

B 

1 

1947.22.... 

174.2 

0.17 

0 

B 

1 

1948.10 

• • • 

<0.1 

... 

B 

1 

1931.07.... 

120.1 

0.16 

* T - 

B 

1 

1938.03 .... 

340.8 

0.16 

0.4 

B 

1 

1938.09 

331.9 

0.20 

0.3 

B 

1 

1939.17.... 

346.4 

0.19 

0.3 

B 

4 

1962.03.... 

336.3 

0.21 

0.4 

B 

2 

1974.29.... 

... 

<0.1 

... 

H 

3 


* Observer; A “ Aitken; B “ vin den Bos; H “ Holden, 
t Number of nishu on which measurements were made. 


interpretation of the duplicity in terms of two stars is 
invalid. It is, however, unlikely that starlight scattered, 
for example, from some gas cloud in the vicinity of 
the primary would have a brightness comparable to 
that of the star or a convincingly stellar visual ap- 
pearance, as the observations suggest. Therefore, an 
interpretation of the duplicity in terms of two stars 
seems entirely reasonable. Given the presence of 
considerable dust near the star, it is not impossible 
that protracted obscuration of one component of a 
binary might occur, so that one or both of the dis- 
appearances of the companion (1948 and 1973-1974) 
may not necessarily be due to orbital aspect. Indeed 
it may be that the difference in magnitudes noted by 
van den Bos between 1931 and 1962 foreshadowed the 
onset of such an obscuring phase. This hypothesis 
implies that in the past HD 44179 may have undergone 
slow changes in magnitude of small amplitude 
(>^0.3 mag); as yet there is no evidence of such 
variability. It should be noted that the position angles 
of the binary (table 7) have not always been close to 
the plane of the dust disk, so one can invoke 
occasional disappearances of the companion. 

X. DISCUSSION 

We conclude that HD 441 79 consists of one or two 
surs of spectral type B9-A0 III, and that a veiy low 
excitation region, in which the Ha and D-line emissions 
arise, is also present. It will be convenient now to 
summarize the evidence that dust is associated with 
the system, after which the color of the nebula and its 
geometry can be more easily discussed. Clues to the 
presence of circumstellar grains near HD 44179 are 
as follows, with the relevant sections of this paper in 
parentheses: (1) the large Balmer jump coupled 
with the lack of obvious widespread obscuration on 
the Palomar prints (§ IV); (2) the gross excess of 
infrared radiation over the Rayleigh-Jeans tail of a 
hot blackbody (§ V); (3) the presence of narrow 
spectral features attributable to dust particles in the 
8-13^ spectrum (§ VI); (4) the polarimetric data 


suggesting the existence of large grains which scatter 
the starlight producing the unusual p(A) curve (§ VII); 
(() the possibility of local obscuration having caused 
a disappearance of the companion of HD 44179 
(§ IX; see also the discussion below of the masses of 
the stars in the binary). 

Paradoxically, despite the presence of an embedded 
blue star the nebula does not possess appreciable blue 
continuum, nor does its light arise sipiiicantly from 
emission lines. That the nebulosity is bright in red 
continuum remains to be explained. It would appear 
that the rectangular aspect of the nebula is a product 
of the brightness of HD 44179 — were the star much 
fainter, the nebula would be seen to narrow to a small 
waist in the vicinity of the star. Consequently the 
geometry of the nebula seems to be that of a biconical 
structure (with axis ® ^ 7*) in which the spikes re- 
present a cone of higher surface brightness than the 
inner nebulosity. The nebula might be regarded as 
another example of an ** hourglass" cometary nebula; 
or magnetic fields and plasma confinement might be 
invoki^, or rotation, especially in the light of the 
high degree of symmetry. 

If we are confronted by a cometary nebula, then the 
canonical picture of the hourglass morphology is 
relevant (e.g., Cohen 1974), but the wealth of ob- 
servational material available on HD 44179 elevates 
this picture from circumstantial argument to a far 
stronger case. The geometry implies that surrounding 
HD ^179 there is an equatorial disklike structure 
of gas and dust close to whose plane we lie; in this 
model the inner edge of the toroid restricts the 
diffusion of light from the central object except into 
two cones of semiangle about 30° around the normal 
to the disk. The infrared radiation suggests consider- 
able dust is about HD 44179, and it would be most 
unreasonable to assume that only relatively large 
grains, which dominate the polarization near 1 n, arc 
present. Within the two cones, starlight suffers local 
reddening by an admixture of small and large grains 
before escaping from the vicinity of the disk, eventually 
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to be scattered in our direction by an extensive 
enveloping halo of gas and perhaps small dust grains. 
The lack of apenure-dependence of the infrared 
fluxes suggests that only quite cold grains can be 
present in this halo (T < IM’ K). In this manner we 
can explain many of the features of the nebula, in 
panicular the red continuum and the small nebulosity 
very close to the star seen in the blue (fig. I ft), in terms 
of scattering of reddened starlight. It should be noted 
that this would make HO 44179 the brightest star 
(visually) associated with a biconical nebula. Alter- 
natively, the veiy symmetrical structure in the nebula 
might be explicable by a process of reconnecting 
magnetic fields following the collapse of an inter- 
stellar cloud from which HO 44179 was bom (cf. the 
pattern of sunding waves in fig. 1 of Priest 1973). 
There is one major restriction to be placed on a mag- 
netohydrodynamic explanation, namely that no shock 
waves are involved in the system; this limitation arises 
from the lack of significant line emission within the 
nebula. However, in order to produce the strong red 
continuum and the spikes, it may be necessary to 
invoke both the reddening hypothesis and magnetic 
(and/or rotational) dominance of the overall structure. 
Although the 8-13 spectrum of HD 44179 has some 
similarities to those of two planetary nebulae, there 
is no justification for describing the nebulosity as a 
planetary, particularly since no radio continuum has 
been found. 

Returning to the spectrophotometry, since photo- 
graphs of the nebula indicate the presence of a strong 
continuum around 6500 A but not in the near-in- 
frared (~ 8500 A), it is tempting to attribute the 
broad feature near 69(X) A to the nebula rather than 
to the star. This could, for example, be a feature in 
the scattering cross section of some circumstellar 
grains. It is not yet possible to make a definite state- 
ment about the origin of this feature; more spectro- 
photometry is planned using a variety of aperture 
sizes in order to define the precise contribution of the 
nebula to the spectrum. 

An estimate of the distance of HD 44179 is clearly 
important. The simplest estimate can be made by 
assuming that the UBV data refer to a single B9 III 
star (and that the companion is presently hidden), 
this implies Mf - —0.4; and we find V - 8.8, 
Ar * 1.2 (see § V)t “ 7.6, and hence D — 400 pc. 
Perhaps more realistic estimates can be made by 
assuming that HD 44179 has the same bolometric 
luminosi^ as LkHa 208 or R Mon, stars also asso- 
ciated with conical or biconical nebulae which are 
bright infrared objects. Cohen (1973) gives Aftai ■■ 
— 1.7 for the former and -2.7 for the latter. For 
comparison with these objects, we require the total 
flux of HD 44179 (/" <'a«^)- Since de-reddening the 
data increases the luminosity of HD 44179 by only 
9 percent, we shall deal with the de-reddened spectral 
intensities (Fa). A much more serious question relates 
to the unobserved radiation longward of 27 fi. A 
lower bound on this latter contribution (in the absence 
of spectral features) may be obtained from Appendix 
A of Cohen (1973), and yields an estimated 29 percent 


of the total luminosity beyond 27 /a. The appropriate 
values for the integrated spectral intensity in the 
ranges (0.36 /a, 27 /a) and (0.36 /a, oo) are 2.23 (-14) 
and 3.13 (- 14) W cm"*. Comparison of the larger of 
these two figures with LkHa 208 gives a distance of 
240 pc, and with R Mon, 370 pc. It would seem that a 
distance of 330 pc does justice to the three estimates 
above. 

At 330 pc, the bolometric luminosity of HD 44179 
is 1050 Z. 9 , and the luminosity ratio of a 10,000*’ K 
blackbody, matched to the de-reddened data at A 
and y, to the observed spectrum between U and 27 /a, 
is 1:6. Replacing the blackbody by a model appro- 
priate to a 10,000*’ K giant (e.g., Strom and Avrett 
1965) reduces this ratio to 1 : 5 (of course allowance for 
energy beyond 27 /a increases the ratio). Thus arguing 
for a binary consisting of two normal B9 giants, both 
of which are presently visible despite their closeness in 
the sky, leads to a ^ss deficiency in the energy re- 
quired to power the infrared emission. If one member 
of the binary is obscured now, but is another B9 giant, 
the deficiency is reduced to ( > ) 2.5. Only if the com- 
panion is both currently invisible and highly luminous 
can we escape this dilemma. From the observations 
of the binary we may attempt to estimate the sum of 
the masses of the two stars: provided that obscuration 
is responsible for one of the two “disappearances” 
of the companion, the period is no less than - 160 yr; 
for the apparent mean separation we take ~&.2. 
This yields (Mi + Mj) % 1 1 .Mo and suggests that 
we may require stars which are too luminous for their 
masses. If the disappearances of the companion in 
1948 and 1974 are indeed due to orbital motion, then 
F s 26 yr — or perhaps 52 yr, depending on the 
orientation of the orbit — which gives (Mi + Mj) s 
4(X) Mo (or 120), an absurd situation. Taken in context, 
the association of a dust disk, the peculiar nebula, and 
the large infrared energy argue for the pre-main- 
sequence nature of HD 44179. This conclusion sug- 
gests that perhaps rotation is responsible for the nebu- 
lar symmetry rather than magnetic fields, for in the 
latter situation it is difficult to reconcile confinement 
of gas and dust with the lack of significant line emission 
in the nebula. 
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\oie added in proof— h new blue spectrum of HD 
44179 has been obtained by A. Cowley in 1974 
October on the 1.8*m reflector of the Dominion 
Astrophysical Observatory. The plate covers the 
^ion AA3600-4900 at 15Amm*‘ on fine grain 
emulsion, and is well widened. Very narrow, weak 
emission components of calcium H and K are seen, 
at radial velocity +21.3 ± 1.4 km s’* (cf. the velocity 
of the D-lines in § III), with red-displaced atv 
sorptions (velocity +55,1 ± 2.6kms*‘) similar to, 
but stronger than, those seen near the D-lines (fig. 2). 
The di^erence in radial velocities between the sharp 


calcium emissions and the adjacent absorptions is the 
same as the corresponding shift measured for the D- 
lines. The stellar velocity, determined from 12 hydro- 
gen lines, is +26.9 ± 4.3 km s'*. Many weak ab- 
sorption lines typical of late B surs are present in the 
spectrum, but four weak C i absorption lines are 
present with radial velocity +36.8 ± 4.2 km s'*, 
different from the stellar velocity. No C ii lines are 
seen, and no other late B star is known to show these 
C I lines, which are the four strongest lines in the 
appropriate multiplet tables. 
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INFRARED OBSERVATIONS OF ICES AND SILICATES IN MOLECULAR CLOUDS 
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Jteceivtd 1975 October 20 


ABSTRACT 

Spectrophotometric observations from 2 to 4 and from 8 to 13 /s of several infrared sources 
associated with molecular clouds are reported. Narrow absorption features at 3.08 il, attributed to 
interstellar ices, appear in all sources with a molecular cloud in the intervening line of sight All 
sources showing ice absorptions also show broad absorption features, attribute to cold slli calcs, 
from 8 to 13 /L. 

The observed ice absorption profiles are all quite similar; however, they do not fit in detail 
Mie theory predictions of extinction for pure H 2 O or NH 3 ices. The ratio of ice to silicate optical 
depths is found to varj’, with most sources showing r^lruueeu io fbe range 0.1 -0.4. The ratio of 
visual extinction to ice absorption is found to increase rapidly from inside to outside the molecular 
cloud in NGC 2024. 

Subject headings: infrared sources: general — interstellar: matter — interstellar: molecules 


I. iKntooucnoN 

The determination of the constituents of solid 
particles in the interstellar medium has long been a 
subject of active study through many varied tech- 
niques. Infrared spectroscopy provides a fundamenul 
means of approaching tUs problem because the 
absorption bands of solids occur at infrared wave- 
lengths. It should ultimately be possible to identify 
quantitatively the major peculate constituents of 
the interstellar medium through infrared spectroscopy 
of a wide variety of objects, in much the same way as 
the gas-phase constituents can be determined through 
ultraviolet and optica! spectroscopy of many objects. 

Furthermore, because the cosmically abundant 
elements are relatively light (i.e., z < 30), the funda- 
mental vibration bands of most materials arr generally 
in the wavelength range 2-20 /x, and so are accessible, 
in large part, to observations from ground-based 
telescoi^. 

In this paper we report infrared spectrophotometric 
observations from 2 to 4/i and from 8 to 13^ that 
show absorption by interstellar ices and silicates in 
the infrared spectra of many objects. While the 
presence of silicates as a major constituent of the inter- 
stellar medium has been established observationally 
for some time (see, e.g., Woolf 1973; Gillett el al. 
1975), the arguments for ices being abundant have 
been mostly indirect and theoretical in nature (see 
Greenberg 1964; van de Hulst 1973 for historical 
references). While ice absorption has been detected 
in the spectrum of the BN source in Orion (Gillett and 
Forrest 1973, hereafter GF), its abundance in inter- 
stellar matter remains uncertain. Our observations 
combined with other observations (Gillett el al. 19756, 
hereafter GJMS), show that ices are common in the 
interstellar medium. However, their abundances are 
apparently small in comparison with silicates, and the 
ices are confined mainly to molecular-cloud regions. 


U. THE OBSERVATIONS 

Ail of the observations reported here were obtained 
with liquid-nitrogen-cooled circular vaiiabie-filter- 
wheel spectrometers spanning the 2.1-4.1 ^ and 7.5- 
13.5 /X wavelength ranges. The equipment and data- 
taking procedures have been described by GF. All of 
the observations were obtained using the UCSD- 
University of Minnesota 1.5 m infrared telescope on 
Mount Lemmon. 

The 2-13^ spectra of the various sources are 
plotted in Figure 1. Where no error bars are shown, 
the statistical errors are less than 5 percent. Nearly all 
of the objects discussed here are known to be associated 
with molecular clouds, and were therefore thought 
likely to have large column densities of cold matter in 
the Une of sight. 


ni. THE INDIVIDUAL SOURCES 

CRL 490 . — This source was originally found in the 
AFCRL infrared sky survey (Walker and Price 1975) 
and precisely located (oj,jo “ 3‘23“44?8, 

+ 58°36'48') by workers at the University of Arizona 
(Low 1973). Millimeter emission lines of HCN and CS 
have been detected (Morris et al. 1974), indicating that 
a dense molecular cloud is assodated with the infrared 
object, but no radio continuum flux to a limit of 0.03 Jy 
was detected (Morris et al. 1974). There is a faint 
(20 mag) red object at the position of infrared source 
(Low 1973). Our data show both ices and silicates in 
absorption. 

NGC 2024 No. 1 . — This is a highly reddened star 
(i4, s: 8 mag) discovered by Johnson and Mendoza 
(1964), and suggested by them to be the exciting star 
of the H II region NGC 2024. This interpretation has 
recently been questioned (Grasdalen 1974), but this 
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Fio. 1.— The 2.1-4.I i* and 8-13 it spectra of infrared objects associated with molecular clouds. Spectra represented by lines 
have been published elsewhere (see text). The 2-4 it spectrum of BN is from GJMS. All objects, except NGC 2024 No. 1, show 
abso^tions at 3.08 m ttnd around 9.7 it, attributed to ice and silicate absorption, respectively. The wide variation in ratios of ice 
to silicate absorptions is evident from these spectra. 
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Star could contribute a substantial fraction of the 
ionizing photons to the H a region (MacLeod, Doherty, 
and Higgs 197S). The 2-4 /n spectrum of tUs source 
shows no evidence for ice absorption (r^ i O.OS), 
while broad-band photometry around 10 ^ shows that 
the continuum at this wavelength is dominated by 
circumstellar dust emission (Grasdalen 1974). 

NGC 2024 No. 2 . — This infrared point source was 
discovered by Grasdalen (1974) and suggested by him 
to be the exciting star of the H ii region. Whether or 
not this is a highly reddened star (if so, .4, s 30 mag 
is indicated^ it lies in the line of sight to the large 
molecular cloud associated with NGC 2024 (Gilmore 
el al. 1976) and is nearly coincident with the peak 
of the 3S0 n intensity distribution (Hudson and Soifer 
1976). Both ice and silicate absorptions are prominent 
in this object 

NGC 2264 IR . — This infrared source, first reported 
by Allen (1972), is located at the head of a cometary 
nebula in NGC 2264. It is associated with a molecular 
cloud (Morris el al. 1974) and a far-infrared source 
(Harvey, Campbell, and Hoffmann 1973). The infrared 
spectrum shows deep ice absorption and some evidence 
for silicate absorption. 

Several other previously observed infrared sources 
are associated with molecular clouds, and since ice and 
silicate absorption is evident in their 2-13 spectra, 
we include them in the discussion. These are the BN 
source in Orion (see, e.g., GF and references therein), 
CRL 2591 (Merrill and Soifer 1974), and HjO 0610-(- 
18 (Pipher and Soifer 1976). 

Infrared spectrophotometry of the BN source, the 
well-known infrared point source in or behind the 
Orion molecular cloud, has previously been reported 
by GF and GFMS, and shows the absorption features 
of both ices and silicates. Infrared spectrophotometry 
of CRL 2591 has been reported by Merrill and Soifer 
(1974), and also shows ice and silicate absorption in its 
spectrum (the 2-4 ^ spectniro of this source reported 
here is new data obtained during 1974 October/Novem- 
ber). Morris el al. (1974) report a dense molecular 
cloud coincident with this source, while Wendker and 
Baars (1974) and Brown (1974) report the detection of 
a weak, very compact radio source coincident with the 
infrared position. Observations of HjO 0610-1- 18, an 
infrared source associated with the H ii region/molec- 
ular cloud complex 1C 2162/S255/257, have been 
reported by Pipher and Soifer (1976). Once again, both 
ices and silicates are seen in absorption in the infrared 
spectrum. 


rv. DISCUSSION 

These sources, although representing a fairly heter- 
ogeneous group of infrared objects, are all associated 
with molecular clouds. In fact each, except NGC 2024 
No. 1, is either imbedded in or behind its molecular 
cloud, so that they provide good background sources 
for abso^tion sp^roscopy of material in the inter- 
vening line of sight. From the large value of A, 
(-«8mag), the line of sight to NGC 2024 No. 1 


765 

samples a moderate amount of unshielded (i.e. non- 
molecular cloud) interstellar material. 

a) Ice Absorpiion 

It has long been supposed that ices are a major 
constituent of the interstellar medium. This supposi- 
tion has been based on indirect evidence and theoretical 
calculations, rather than direct observations. In fact, 
observations have suggested (Knacke, Cudaback, and 
Gaustad 1969; GJMS), rather, that ices are at most a 
minor constituent of the general interstellar medium. 

Our observations show that the feature that has been 
identified as ice absorption by GF is in fact quite 
commonly found in the spectra of sources associated 
with dense molecular clouds. What is more st^rising 
is the similari^ of all the ice absorptions in these 
spectra. This is shown in Figure 2 where we have 
plotted the absorption profile for each object (normal- 
ized to unit optical depth at r;^*“) derived by assuming 
the underlying continuum emission to be a smooth 
interpolation between the observed spectra at 2-2.5 fi 
and 3.5-4 This simple approach to deriving was 
chosen for two reasons. First, unlike the 10 ft feature, 
to be discussed later, we have no observations that 
indicate that this is ever seen in emission. Second, and 
more important, at temperatures required to produce 
such an emission feature, ices would rapidly evaporate. 
The absorption profiles for the different sources are 
nearly identical (certainly they must be regarded as 
identical to within the uncertainties in the underlying 
continua), suggesting nearly identical composition of 
the material causing the 3.1 m absorption in the 
different clouds. 

For comparison the absorption profiles of HjO and 
NHa ices, calculated for 0.1 ft radius spheres using 
Mie theory and optical constants from Bertie, Labb6, 
and Whalley (1969) for HjO ice, and Robertson el al. 
(1975) for NH, ice, are also shown in Figure 2, as is 
the effect of increasing the particle size for HgO ice so 
that scattering becomes significant 

The observed absorption profiles agree qualitatively 
with absorption by water ice, although the detailed 
profile differs. The observational profile has more 
absorption for A < 3.08 ft than solid HjO, and a long- 
wavelength wing that does not appear in water ice. 
There appears to be no good agreement between the 
observations and the expected profile for solid am- 
monia. It seems possible to explain the observed profile 
by a mixture of HjO and NHs ices (to produce the 
absorption shortward of 3.08 /i) with some extinction 
due to scattering by particles somewhat larger than 
0.1 ft radius (to produce the long- wavelength wing on 
the absorption profile). It is somewhat disturbing that 
simple H 2 O ice absorption cannot fit the observed 
profile; however, unless the optical constants of ice 
are wrong and/or Mie theory is inappropriate, the 
mixture of materials seems the most likely explanation. 
Further quantitative laboratory work on ice mixtures 
is necessary to reproduce the detailed profiles and to 
determine whether or not materials other than water 
ice are present. 
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b) Silicate Absorption 

All of the objKts in our sample (except NGC 2024 
No. 1) show the 10/1 absorption that is commonly 
attributed to cold silicate material in the line of sight 
(GF; Gillen et al. l97Sn). To account properly for the 
observed width of the silicate absoiption feature 
(generally narrower than that seen in emission in many 
objects), and to determine with reasonable confidence 
the correct absorption optical depth in silicates, it is 
necessary to make some assumptions about the un> 
absorbed spectrum of the object in question. In most 
of the sources, the correct underlying 8-13 m emission 
is probably some sort of thermal dust continuum. We 
adopt the models described by Gillett et al. l97Sn). 
These models postulate an underlying infrared source, 
with intervening cold dust absorbing significant radi* 
ation from S-13/i. The underlying source is either 
blackbody radiation (model I) or optically thin dust 
emission (model II). By assuming that t^ emitting 
and absorbing dust is similar to that found in emission 
in the Trapezium, we derive for both models the source 
temperature and maximum absorption optical depth 
(at 9.7S/1) in raid dust in the Une of sight by ^ 
minimization (see Gillett et al. 1975a for a detail^ 
discussion of the models). 

Clearly, these are at best very simple approximations 
to the true physical conditions in these sources. How* 
ever, such models do serve to estimate crudely the 
optical depth in cold silicate material in the line of 
sight. The hot-star underlying source is clearly a special 
case of Model I. 

The best-fit values of tind and the 

value of X* per degree of freedom for the model fit are 
given in Table 1. Formal errors in the fitted parameters 
are difficult to assess, and are probably without much 
meaning, since the simplisuc models probably make 
systematic errors much larger than any reasonable 
formal errors. 

Unlike the H n regions studied by Gillett et al., 
where model II fits were always better (i.e., smaller 
values of than model I fit^ in the case of these 
sources the model I fits were sometimes better, indicat- 
ing that these sources are physically different from the 
H II regions. This result is not unexpected; the H u 
regions can be expected to produce optically thin 
emission, whereas some of these sources could very 
well be compact enough to be optically thick at 10 n. 

The best-fit models to the 8-13 /i spectra of some of 
the sources are shown in Figure 3; these fits show that 
the models reproduce the observ^ spectra quite well 
in most cases. Of particular interest is NGC 2264 IR, 
where the spectrum does not indicate a particularly 
pronounced absorption, but the observations can be 
fitted well with the parameters of the model I fit. 


H,0 6IOtl8 


Fig. 2. — The absorption profiles of ices in the infrared 
sources. Each profile was obtained by assuming the underlying 
spectrum to be a smooth interpolation from the flux measured 
at 2-2.3 n and 3.3-4.0 m. deriving the absorption profile from 
this interpolated underlying spectrum, and normalizing the 
derived to 1 at 3.08 ii. The solid line in the plot for HjO 
0610-f 18 shows the normalized “standard molecular cloud” 
ice absorption plotted with the derived profile. The three plots 
at the lottom show Mie theory calculations of the extinction 


profiles for pure HjO ice (radii a > 0. 1 ft, 1 /t) and NHj ice 
(radius a b O.I m) using optical constants determined by Bertie, 
Labbd, and Whall^ (1969) for H]0 ice and by Robertson 
et at. (1973) for solid ammonia. 
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TABLE 1 

Paramfum O' 6-13 m Sracnu Fm 


Number of Model 1 Model II 

Source Poinu Fitted Tmm» X** Thwm t».t.*** X** 


CRL 490 33 333 1.2 1.7 335 2.8 1.6 

2264-lR 20 473 0.8 0.8 300 2.4 2.9 

2024 No. 2t 4 10* 1.7 3.8 

H.O 06104-182 32 270 3.7 1.8 323 3.6 1.4 

BN 1 67 470 1.7 2.3 480 3.3 1.0 

CRL 2391 67 310 2.7 1.0 320 4.3 1.8 


* X* i* per degree of freedom. 

t Only model tried wu Tann* ~ 10* K (i.c., hot star), data from Grasdalen 1974. 
2 Reaults from Pipher and Soifer 1976. 
i Results from Cillett ei at. 1973. 


e) Ice-UhSilicaie Ratios in the Molecular Clouds 

The ioe-to-silicate ratio is known to be extremely 
difTerent (GJMS) for BN and VI Cyg No. 12 (a highly 
i«ddened star in Cygnus). Qualitatively the materials 
sampled in the two lines of sight are quite different, the 
former being predominantly molecular-cloud material, 
the latter being predominantly more tenuous ** normal ” 
interstellar material. How much variation exists within 
molecular-cloud material is important to the under- 
standing of the process of ice formation in molecular 



B 9 10 M 12 13 

X(/s) 


Fig. 3.— 8-13 m spectra of CRL 490, CRL 2591, and 2264 
IR along with best model 6ts (solid lines) to these spectra. 
The models are described in the text, and the parameters of 
the best-fit lines are given in Table 1. 


clouds, and to the understanding of bow abundant ices 
are in interstellar clouds. 

Inspection of Figure 1 shows that there is apparently 
a wide variation in the ratio of ice to silicate absorp- 
tions even within the infrared objects associated with 
molecular clouds. A measure of the ice-to-silicate ratio 
is given by the ratios of the optical depths at 3.08 n 
and 9.7S /i. (For this to be a meaningful comparison 
it is necessary that the ices and silicates be occupying 
the same regions of space. The model fits to determine 
the silicate absorption optical depths implicitly assume 
this to be the case, since they determine the optical 
depths for cold silicates, i.e., that material absorbing 
at 10 /X. In any region where silicates emit significantly 
at 10 M, ices should rapidly evaporate.) These data are 
compiled in Table 2, where we give the ice optical 
depths determined from Figure 1, and the optical 
depths at 9.7S from the model fits to the different 
sources. Ice-to-silicate ratios are shown for both model 
I and II fits to the 8-13 m dau. The ice/silicate ratio 
determined from the “best” estimate of is noted. 

There are several important points to notice about 
the results in Table 2. The range of varies 

from 0.1 to 1.6 over the best-fit models. Unless these 
models substantially misrepresent the column densities 
of cold silicate materials to the sources, the ratio of ice 
to silicate absorptions appears highly variable. Further, 
there appears to be little or no correlation of this ratio 
with either ice or silicate optical depths. We conclude 
that there is no obvious correlation between the ratio 
of ices to silicates and any measure of the column 
density of particulate matter. If ices grow as mantles 
on core silicate grains, it is probable that the ratio of 
ice to silicate optical depths will be a function of the 
temperature and density history of the specific molec- 
ular cloud, and so it is not surprising that there are no 
apparent correlations from cloud to cloud. 

d) The Lack of Ice Absorption in NGC 2024 No. I 

From the upper limit on the ice absorption in NGC 
2024 No. 1 of T,„ < 0.05 (determined by fitting the 
“canonical” profile to the observed spectrum), we 
deduce, using Grasdalen’s value of A, x 8.3 mag that 
> 165 in the line of sight to this star. Models 
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TABLE 2 
Ici/SiucAn Ratkm 


Source ^ 1.-0 t».o« 


CRL490 0.27 1.2 0.2 2.S 0.1 

2264-IR 1.29 0.8 1.6 2.4 0.5 

2024 No. 2 1.22 1.7 0.7 

H,0 06104-18 0.9 3.7 0.2 3.6 0.2 

BN 1.46 1.7 0.9 3.3 0.4 

CRL 2391 0.71 2.7 OJ 4.3 0.2 


Non.— Bcit-fit modeb are italicized. 


of 2024 No. 2 sugg«t that it i% extinguished by 30- 
SO mag of visual extinction (Grasdalen 1974; Hudson 
and Soifer 1976). The ratio of visual to ice extinction for 
2024 No. 2 is then AJri„ st 22-43. The discrepancy 
between this and the ratio for 2024 No. 1 is about a 
factor of S. 

While the lower limit to the ratio of AJti„ is greater 
for VI Cyg No. 1 2(300), the observations of 2024 No. 1 
show that sharp ^dients in AJt^ can exist over short 
distances in the interstellar m^ium. The two objects, 
2024 No. 1 and No. 2, are physically very close, the 
major difference being that 2024 No. 2 it seen through 
a dense molecular cloud, while 2024 No. 1 is not. It 
must be that the conditions of this molecular cloud 
(cold, dense material, opaque to diffuse stellar radi- 
ation) favors the existence of ices, while the conditions 
of the more tenuous nearby intentellar medium do 
not. (However, simple molecular evaporation does not 
seem like a viable mechanism to inhibit ice ^owth: 
grain temperatures even in the interstellar medium are 
quite low, and should not prevent ice growth due to 
molecular evaporation). 

e) The Fraction of Ice, Silicates by Volume 

On the assumption that rio. — in the BN source, 
Greenberg (1973) derived a ratio of ices to silicates (by 
volume) of 0.21, and hence a mass ratio of ices to 
silicates of 1 : 10. The data presented in Table 2 allow 
us to conclude that within molecular-cloud material, 
this ratio varies over about an order of magnitude 
(0.2 < /r^ < 2), so that the volume ratio of ices 

to silicates is 0.04 < < 0.4, with corresponding 

mass ratios of 0.02 < < 0.2. The majority of 
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sources discussed here fall toward the low end of the 
^ 10 */ ratio, and so toward the low end of the 
limits. Further, it must be emphasized that this applies 
to molecular-cloud material, i.e., material rich in ices. 
For material in the more tenuous interstellar medium, 
the contribution of ices to the particulate-matter 
component appears to be negligible. 

V, CONCLUSIONS 

Infrared spectrophotometry of a heterogeneous 
sample of infrared sources associated with molecular 
clouds has shown that ice and silicate absorption is 
quite common in these regions. The absorption feature 
at 3.1 M >8 remarkably similar from source to source, 
and is in qualitative agreement with a mixture of 
ammonia and water ices in the absorbing material. 
The ratio of ice to silicate absorption is found to vary 
fkom source to source, indicative of varying ratios of 
ices and silicates within molecular clouds. No evidence 
is found for ice absciption in the line of sight to 2024 
No. 1. the only object observed that is not in the line 
of sight to a molecular cloud. This observation suggests 
that the conditions of the unshielded interstellar 
medium do not favor ice growth. We also find that the 
ratio of ices to silicates (by mass) within molecular- 
cloud material varies from 0 02 to 0.2, with most sources 
sampled showing small values of m, 
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ABSTRACT 

Spectrophotometric observations from 16 to 25 ii of the Trapezium and BN-KL object in Orion 
are reported. These observations were obtained with a newly developed liquid-helium-cooled grating 
spectrometer. The observations of the Trapezium show a relatively flat 16-25 m spectrum, consistent 
with a 20 M emission peak similar to that previously found at 10 m- The BN-KL source hsis a smooth 
16-25 M spectrum, showing little absorption such as characterizes the 10 m spectrum of this source. 
This lack of a deep 20 m absorption is attributed to complex radiation transfer processes within the 
molecular cloud. 

Subject headings: infrared: spectra — nebulae: Orion Nebula 


I. INTRODUCTION 

In recent years infrared spectroscopy has contributed 
greatly to our understanding of many tY-pes of bright 
infrared sources. Predominantly this spectroscopic 
work has been done in ground-based atmospheric 
windows at wavelengths less than 14 m, primarily for 
technical reasons. In this paper we report spectroscopic 
obser\'ations from 16 to 25 m of the Trapezium and ^ 
nebulae in Orion, obtained with a liquid-helium-cooled 
grating spectrometer at the UCSD-U. Minnesota 1.52 m 
telescope of the Mount Lemmon Observatory. Previous 
ground-based 20 m spectroscopy has been reported by 
Treffers and Cohen (1974). 

Spectroscopic studies of the Trapezium (Gillett and 
Stein 1969) and Becklin-Neugebauer-Kleinmann-Low 
(BN-KL) (Gillett and Forrest 1973, hereafter GF) 
regions had previously shown the emission and absorp- 
tion character of these specific regions. The spectro- 
scopic observations have shown that the ^13 m 
emission of the Trapezium is reasonably well identified 
with thermal emission by warm silicate dust. The 8-13 
M spectrum of the BN-KL source can be explained (GF ; 
Gillett et al. 1975) as emitted radiation from an under- 
lying warm source absorbed by cold dust (similar in 
emissivity to the Trapezium dust) in the intervening 
line of sight. As silicates have a second resonance in the 
20 M region (Knacke and Thomson 1973), the present 
study of the 20 M spectra of these objects was under- 
taken. In an accompannng Letter (Forrest, Houck, and 
Reed 1976, hereafter FHR), complementary observa- 
tions from 16 to 40 M are reported. 

n. INSTRUMENTATION 

The observations were obtained with a grating 
spectrometer built at UCSD for use in this wavelength 


range. The spectrometer is a standard Czemy-Turner 
optical design, with a 13.5 cm focal length, and using a 
diffraction grating blazed for first-order operation at 
20 M- Order separation is achieved by using a long- 
wavelength transmission (X > 15.5 m) interference 
filter, and wavelength scanning was done by rotating 
the grating. The sjxctrometer was operated at a resolu- 
tion of X/AX ~ 75 at 20 m- The entire grating spectrom- 
eter was cooled to ~5 K by mounting it on the work 
surface of a liquid-nitrogen-shielocd liquid-helium 
Dewar. A Ge:Cu photoconductor built by F. C. Gillett 
was used as the detector. 

III. observations 

Observations of the Trapezium were obtained in 
1974 December, while those of BN-KL were obtained 
in 1974 December and 1975 January. Both objects 
were observed with the UCSD-U. Minnesota 1.5 m 
telescope of the Mount Lemmon Observatory. Standard 
dual-beam infrared observing techniques were em- 
ployed; the two beams were separated by 25* in dec- 
lination, with a focal plane aperture of 17*. Data-taking 
procedures described in GF were employed. 

Absolute and spectral calibration at M m is difficult, 
because of the paucity of bright standards of accurately 
known flux. For this reason the procedures adopted to 
calibrate the spectroscopy were as follows. The flux of 
a Ori at 20 M was assumed to be that reported by 
Morrison and Simon (1973); from the ratio of signals 
for a Ori and the lunar limb, the brightness temperature 
of the Moon at 20 m w as determined using the measured 
beam size of the spectrometer. The lunar sp>ectrum was 
then assumed to be blackbody emission at the tempera- 
ture determined by the above procedure. WTiile this 
procedure makes the absolute flux levels quite sensitive 
to errors in the assumed flux level of o Ori, the lunar 
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spectral shape is relatively insensitive to the exact 
temperature, so that the spectral shapn determined 
for unluio^s-n sources using this calibration procedure 
should be relatively free from s>-stematic errors. 

The major obstacle to spectroscopic observations in 
the 20 M atmospheric window is the significant absorp- 
tion by atmospheric water vapor (see, e.g.. Farmer and 
Key 1965). To illustrate the problem. Figure 1 shows 
the raw spectrum of the Moon taken through ~l-2 mm 
precipitable water. It was found that the depressions 
in the spectrum indicated on the figure could be identi- 
hed with corresponding features in die spectra of Farmer 
and Key of the Earth’s atmosphere which are presum- 
ably due to terrestrial water vapor. The wavelengths of 
these lines, taken from Farmer and Key, provided the 
hnal wavelength calibration of the spectrometer. In 
addition, terrestrial COt made observations shortward 
of X « 16 M difficult. 

To account properly for this atmospheric opacity, fre- 
quent calibration spectra were obtained of the lunar 
limb. From the lunar observations at different air 
masses, an effective atmospheric extinction coefficient 
at each wavelength in the spectrum was determined, 
and the observations of the Trapezium and the KL 
nebula were corrected for extinction by using the derived 
coefficients. If any narrow spectral feature coincides 
with a terrestrial absorption line, it will not appear in 
the derived spectrum if the Earth’s atmosphere is 
optically thick at the wavelength in question. 



Kto. 1. — The lunar signal plotted versus wavelength from 16 to 
27 It. Some of the strong terrestrial water vapor features are 
noted in the 6gure. 


IV. THE DATA 

The spectra of the Trapezium and the KL nebula 
are shown in Figures 2 and 3, along with 8-13 m spectra 
of these objects. The 8-13 m spectrum of the Trapezium 
is taken from Forrest, Gillett, and Stein (1975), while 
that of KL is from GF. 

The 8-13 M spectrum of the Trapezium was obtained 
with 22' apertures, so that a correction for the different 
apertures is necessary. In the case of the Trapezium, 
the 10 M spKtrum was reduced by a factor 0.65 which 
was the ratio of the present 16-20 m flux to an earlier 
measurement made at Mount Lemmon with an 18 m 
broad-band filter and 22' focal plane aperture. This is 
only slightly larger than the ratio of beam size (-*^.60), 
indicating the diffuse nature of this source. 

In the case of the KL nebula, the spatial structure is 
very complex, and cannot be easily accounted lor by 
y.aling spectra taken w'.th different apertures. We have 
ii.cluded (in Fig. 3) IG it spectra of the regions obtained 
with 11' and 22' apertures (GF). We also include a 
curve corresponding to a blackbody at 86 K filling the 
17' ajierture. 

V. DISCUSSION 
a) Trapezium 

The 16-25 p spectrum of the Trapezium (Fig. 2) 
shows a smooth continuum with no narrow features 
evident. The- large statistical errors at X 16 n and 
X > 22 M a'.*e due primarily to the attenuation of the 
flux by the Earth’s atmosphere (cf. Fig. 1). The observed 
spectrum is narrower than a blackbody and indicates a 
dust emissivity which peaks at -^18-19 it in this 
bandpass. This is in qualitative agreement with emis- 
sion from small silicate grains. In the accompanying 
Letter (FHR) the observ^ spectrum is compared with 
a simple silicate emission model. 

b) BS-KL 

The 16-25 m BN-KL sfiectrum (Fig. 2) also shows a 
smooth continuum with no narrow features. There is 
no evidence fur a d'<:p absorption feature analogous 
to the very strong 10 it feature found by GF. There 
is a suggestion of a shallow absorption feature around 
18-19 It in that the spectrum has opposite curvature 
(though slight) to a blackbody fit to the data. In addi- 
tion, the spectrum from 19 m to 24 m rises (slightly) 
faster than an 86 K blackbody (which is the brightness 
temperature at 24 m); thus either the dust emissivity 
increases from 19 m to 24 m or absorption is occurring 
at 19 It- 

The spectrum from 16 to 25 m has a brightness 
temperature of ->-85-86 K. The point sources in BN-KL 
(Rieke, Low, and Kleinmann 1973) contribute less 
than 25 percent of the flux in the measuring aperture 
at 21 m: therefore the dust temperature in the extended 
component of BN-KL must be greater than or equal 
to the brightness temperature. This temperature is 
very nearly equal to the peak 2.6 mm CO brightness 
temperature of 75 ± 7 K found by Liszt et al. (1974) 
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using a 1' beam. The simplest explanation for these 
facu is that this dust is optically thick at 20 m and that 
r,M 80 K. From Figure 3 it is seen that 
dust at -^80 K would contribute negligible flux to the 
10 M spectrum; therefore, it is consistent that the same 
dust which is responsible for the deep 10 n absorption 
found by GF can provide most of the radiation observed 
in the 20 M region. The weak residual 20 m depression 
could be a radiation transfer effect; at 17 and 24 m, 
where the dust optical depth is less, we see deeper into 
the cloud and find a slightly higher brightness tempera- 
ture. The lack of a deep 20 m absorption feature in the 
presence of a strong 10 n absorption is in agreement 
with the predictions of Kwan and Scoville (1975). The 


broad-band 20 m observations of Simon and Dyck 
(1975) also showed a reladvely small 20 /i absorption 
in two other sources with Large 10 m absorptions. 

It is concluded that the 20 m spectrum of BN-KL 
must be understood as the result of radiation transfer 
within a complicated source (Rwan and Scoville 1975; 
Merrill and Jones 1976); it cannot be easily inverted to 
give the strength and shape of the 20 m silicate feature. 
If, as seems likely, silicates are a dominant form of 
interstellar dust, this is an important observational 
problem, since the temperature balance of many 
molecular clouds seems to be determined by transfer 
of the infrared radiation. 


TRAPEZIUM 


lectrum of the Trapezium region from 8 to 25 m. The solid line represents the 8-13 m spectrum of the Trapezium (from 
I) normalized in flux to the 17' aperture used for the 16-25 ii observations (see text). 


KL NEBULA 


Fic. 3. — The spectrum of the BN-KL source from 7.5 to 25 it. The 16-25 it data was obtained with a 17' aperture. The dashed and 
solid lines from 7.5 to 13.5 m are data from GF ootained with 11' and 22' apertures, respectively. The solid line from 12 to 25 it represents 
the flux emitted by an 86 K blaclibody filling a 1 7' aperture. 



FORREST AND SOIFER 



L132 


VI. CONCtUSIONS 


t. The Trapezium region shows a second emission 
feature peaking at approximately 18-19 this tends 
to confirm the identification of silicates as a major 
component of the dust in this region. 

2. BN-KL shows only a weak 20 n absorption feature 
(~1.5 K in brightness temperature or ~30 percent in 
flux at 19 The dust which was primarily absorbing 


at 10 M can efficiently radiate at 20 m; the resulting 
20 M spectrum must be understood as the result of 
radiation transfer in this dense cloud. 

We would like to thank P. Brissenden for his as- 
sistance in building the grating-spectrometer. This 
research has been supported by the National Science 
Foundation and by NASA grant NGL 05-009-230. 
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Moderete-resolution spectropbotometiy (AX/X 0.013) has shown the eftecls ot known 
umoapheric conatituenU (NHi, CH«, C|H«) on the 5-8 M<n spectrum ot Jupiter. Broadband 
obeervatioDS ot Saturn at 8.3 Mm are also reported. 


INTRODUCTION 

Infrared spectroscopy of the Jovian 
planets has proved to be a powerful means 
of investigating the structure of the plane- 
tary atmospheres for both temperature 
structure and atmospheric constituents. In 
this paper we report spectrophotometric 
observations of Jupiter from 5 to 8 pm and 
photometric observations of Saturn at 6.3 
Mm (AX w 3 Mm). This wavelength range, 
nut available for ground-based observations 
because of strong water-vapor absorption, 
is accessible using the 91 cm telescope of 
the Kuiper Airborne Observatory (K-\0). 

OBSERVATIONS 


On the KAO, the system is controlled by 
the onboard computer (.ADAMS), which 
collects the data, rotates the filter wheel, 
and displays the results while data are 
bebg obtained. This results in maximum 
use of observing time. 

The observations of Jupiter were ob- 
tained on a flight on 2/3 October 73, while 
those of Saturn were obtained on a flight 
on 8/9 October 73. The calibration objects 
were a Tau (for Saturn) and Mars (for 
Jupiter). The spectrum of a Tau was 
assumed to be that of a hot blackbody, 
except for a depression of ~20% at ~.3Mm. 
Mars, the primary calibrator for the Jupiter 
spectrum, was assumed to have a black- 


I 

t 


The observations of Jupiter and Saturn 
from 3 to 8 Mm were made using the KAO 
flying at an altitude of ~41,000 ft. The 
telescope system is described by Cameron 
et al. (1971). The 3-8 Mm spectrophotometer 
is described by Russell et al. (1975). The 
spectrometer has a resolution of AX/X 
^ 0.013. The data-taking procedure is 
similar to that described by Gillett and 
Forrest (1973). A given wavelength is de- 
termined by positioning the cooled circular 
variable filter, and data are taken with the 
object in the signal and reference beam of 
the photometer until sufficient signal-to- 
nuise is obtained ; then the filter is rotated 
to a new wavelength. 


body spectrum of 243*K from 5 to 8 Mm. 
The deviations from this latter assumption 
are not more than 20% and do not signifi- 
cantly affect the reduction, since the Jovian 
spectrum shows intensity variations of 
greater than a factor of 20. 

The 5-8 Mm spectrum of Jupiter is dis- 
played in F.g. 1. This spectrum was ob- 
tained with a 13 arcsec aperture centered 
on the planetary disk. There is some overlap 
in the wavelength coverage between this 
spectrum and that previously reported by 
Gillett, Low, and Stein (1968; hereafter 
GLS). The sharp decrease in surface 
brightness from 3 to 3.3 Mm was reported 
by GLS, as was the high-intensity level 
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between 7.5 and 8 The new features 
of this spectrum are the continued decrease 
in intensity to >^6 mid, then a rapid in- 
crease beyond 6.3 Min. These features can 
be understood as due to the opacity of the 
molecular constituents of the Jovian atmo- 
sphere at various levels. 

Broadband observations of Saturn at 2.3 
(AA - 0.7 Mm), 3.2 (AX - 0.5 Mm), 6.5 
(AX — 3 Mm), and 8.5 Mm (AX - 1 Mm) 
with a 30 arcsec aperture were obtained on 
a 10-min leg of the 8/9 October flight and 
arc shown in Fig. 2. Although detailed 
analysis is not warranted, the broadband 


observation at 6.5 mhi (AX «■ 3 Mm) is 
sufficiently interesting that it merits some 
discussion. 

DISCUSSION 

Jupiter 

The 5-8 Mm spectrum of Jupiter can be 
explained by a combination of atmospheric 
constituents already known to be present 
and those expected in the Jovian atmo- 
sphere. The high brightness temperature for 
X < 5.2 Mm has previously been observed 
by GLS and was interpreted by them as due 
to the transparency of the major atmo- 


Fia. 1. The 5-8 Min ■pcctnun of Jupiter. Biackbody curves at different temperatures are drawn 
to illustrate the jrightness temperature variation in the Jovian spectrum. The wavelength ranges 
over which several molecules (known or believed to be present in the atmosphere) could con- 
tribute significant opacity are shown. 
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Fio. 2. Broadband and spectral intensity obaer^ 
vat ions o( Saturn. The open squares represent broad- 
band data obtained on the KAO on 8/9 October 
73, with a 30 arcsec aperture. Specific intensities 
were calculated from the observed fluxes using the 
solid angle of Saturn (disk plus rinp) subtended by 
the observing aperture. The dashed curve represents 
the intensity ot a perfect dilTuse reflector at the 
distance of Saturn. The so'dd lines are ground-based 
observations of the disk from 2 to 4 am (Russell and 
Puetter, November 1973, unpublished) and from 
7.3 to 9 am (Gillett and Forrest, 1974). The filled 
circle represents the 5 am point from Rieke (1973). 

spheric constituents, allowing radiation from 
deep in the atmosphere to escape. -Ad- 
ditional support for this interpretation was 
given by Westphal (1969) and Keay et al. 
(1973), who showed that the high 5 urn 
brightness temperatures were localized to 
the equatorial zone, and could be explained 
as possible holes in the visible cloud layer. 
Beyond 5.2 am the sharp decrease in 
.surface brightness was attributed by GLS 
to absorption by gaseous XH*. For X > 5.3 
am the observed flux falls below that for a 
perfect diffuse reflector at the distance of 
Jupiter ; it is possible that scattered sunlight 
• is responsible for some of the observed flux. 
This is particularly true at ~6 fiin, where 


an effective albedo of would ac- 

count for the observed flux. 

If the observed flux at am is, instead, 
thermal emission, then the brightness 
temperature observed at 6.2 am would be 
explained as due to opacity of XHj deeper 
in the Jovian atmosphere than that pn>- 
during the stronger 10 am ammonia band 
(France and Williams, 1966). 

We have noted in Fig. 1 the wavelength 
range over w hich XHi should be a dominant 
source of atmospheric opacity. The bright- 
ness temperature of Jupiter shows a sharp 
increase for X > 6.3 am, indicative of some 
source of emission above the thermal in- 
version layer in this wavelength range. 

GLS showed that CH« emission in a 
temperature inversion in the upper Jovian 
atmosphere dominated the emission for 
X > 7.5 am, producing a peak intensity at 
X ~ 7.7 am that is observed in this spec- 
trum. While methane does not have signifl- 
cant opacity for X < 7.3 am, several 
molecules related to methane could provide 
the needed opacity. Ethane (CtH«), acetyl- 
ene (CjHi), and ethylene (C1H4) should all 
be present as photolysis products of 
methane in the upper Jovian atmosphere 
(St rebel, 1973). These molecules all have 
relatively strong bands between 6.5 and 
7.8 am and should be at the same level in 
the atmosphere as methane. Ridgeway 
(1974) has identified the presence of ethane 
and acetylene in the Jovian spectrum from 
high-resolution spectra for X > 11.7 am. 
Ethane appears to be responsible for a large 
portion of the observed intensity, since the 
sharp rise in intensity at 6.5 am corre- 
sponds to the short-wavelength edge of the 
ethane band. This is qualitatively in accord 
with the relative strengths of the 6.8 and 
12 am ethane bands. 

Quantitatively, the observed flu.xes from 
the 8.8 and 12 am bands are consistent 
with emission from CjHi at 150-155*K. 
The 12 am band is optically thin, since the 
brightness temperature is about 135®K 
(Ridgeway, 1974) and the 6.8 am band is 
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|wM*oming optirnlly thick in this layer. The 
data of Thorndike (1947) indicates that the 
0.$ Mm hand is about three times stronger 
than the 12 Mm band, so that an optical 
depth of <^1 in the 6.8 Mm hand is consistent 
with the observed strengths of both band.t 
if the temperature of the emitting layers is 
ulMut 15o*K. 

It is probable that ethylene and acetylene 
also provide some opacity at the same level 
and could contribute to the observed flux 
from 6.7 to 7.5 Mm. In particular, the slight 
change of slope near 6.7 Mm may be an 
indication of emission from ethylene. 

Beyond 7.4 Mm we see the CH 4 band pre- 
viously seen from ground-based observa- 
tions by GLS. This band must be optically 
thick if the CH 4 emission is at the same level 
in the atmosphere as the CsHi (i.e., at 
temperatures of 1 50-15.5 ®K). 
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Salurn 

The broadband KAO observations of 
Saturn are shown in Fig. 2, along with 
ground-based observations by several other 
groups. The broadband KAO fluxes were 
converted to intensities assuming uniform 
intensity over the entire solid angle of 
Saturn (disk plus rings) subtended by the 
30 arcsec observing aperture. The 2-4 pm 
spectral data (Russell and Puetter, un- 
published) are for the disk alone and agree 
well with previous observations reported by 
Armstrong (1971). The 5 pm broadband 
observation is from Rieke (1975), and the 
7.5-9 Min data are from Gillett and Forrest 
(1974), and again refer to the disk alone. 
Most, if not all, of the observed 5-8 pni 
flux can be accounted for by integrating the 
5 and 7.5-8 pm data over the planetary 
disk. This suggests that the actual bright- 
ness temperature of the planetary disk from 
5.5 to 7.5 pm is quite low. Higher-resolution 
spectrophotometry in this wavelength range 
would be quite useful. 
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Introduction 

Infrared wavelengths have become an extremely use- 
ful region to study the photospheres of late-type stars 
because the molecular constituents have strong infrared 
vibration-rotation bands and these stars emit the major- 
ity of their energy at infrared wavelengths. Addition- 
ally, many late-type stars are ejecting material in the 
form of gas and dust, and the ejected dust effectively 
converts stellar luminosity into infrared radiation. 

In this paper we report 4-8 m spectroscopy, with a 
resolution ^/\ 0.015, of the late-type stars a 

Orionis, R Cassioj;>eiae, and V Cygni obtained on three 
fliglits of the Kuiper Airborne Observatory (KAO) in 
October 1975. The 4-8/( portion of the spectrum is 
useful for analyzing the molecular constituents of the 
stellar atmospheres and studying the infrared properties 
of the circumstellar dust associated with these stars. 
Because of very strong telluric water vapor absorption, 
observations in this wavelength region are possible 
only from aircraft altitudes or above. The observations 
reported here were obtained using the 0.9-m telescope 
of the KAO flying at 13 km. 

The Observations 

The observations were obtained in October 1975 us- 
ing a circular variable filter wheel spectrophotometer 
at the bent Cassegrain focus of the KAO. The filter 
wheel has a spectral resolution AX/X -«• 0.015 and 
spans the range 4.1-B.Ofi; however, due to strong tell- 
uric CO] absorption centered at 4.3p observations 
were made only from 4.5-0^. Data were obtained us- 
in)3 the chopping secondary of the telescope for stan- 
dard infrared beam switching. After synchronous detec- 
tion of the infrared signal, the signal was sampled by 
the onboard computer for further processing and re- 
cording. The spectrum was obtained by selecting a po- 
sition on the filter wheel and integrating for a specified 
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length of time, then moving to a new position. The 
data taking was entirely controlled by the onboard 
computer system (under interactive control by the ob- 
servers). 

The instrumental response was determined by ob- 
serving a bright star, a Tauri, on each flight. The spec- 
trum of this star was assumed to be a blackbody of 
temperature 3800* K except for a 15% depression at 
'-4.5-5.2fi due to CO absorption in the stellar atmo- 
sphere. The strength of this absorption was determined 
from ground-based photometry m the 5fi atmospheric 
window (Forrest 1974). Besides the narrow-band 
spectra from 4.5-8fi, photometry of these stars at 2.3/i, 
3.2fi, and 8.5fs was obtained to allow comparison with 
ground-based observations. 

The 2-13fi spectra of the stars are shown in Figure 
1. The 2-4fi spectra of R Cas and V Cyg were obtain- 
ed at the UCSD-University of Minnesota 1.5-m tele- 
scope on Mount Lemmon in November 1975, while 
the 8-13fi spectra (also obtained at Mount Lemmon) 
were taken from Forrest (1974) and Merrill (1976) and 
normalized to the 8.0fi flux level observed on the KAO. 
The 2— 4fi and 8-13fi spectra of a Oh were taken from 
Merhll (1976). The only prominent feature in the 4-8ft 
portion of the spectra of these stars is the depression 
from 4.5-5fi present in the S{>ectra of all three stars, 
and identified as absorption by CO in the stellar atmo- 
sphere. .although no other departures from blackbody 
spectra have sufficient statistical significance to be posi- 
tively identified in these spectra, molecular features be- 
tween 7fi and 8fx could explain the complicated shape 
of the spectra in this region. 

Discussion 

All of these stars have infrared excesses, indicative of 
mass loss in the late stage of stellar evolution. Alpha 
On is classified as M1-M2 la-lh, while R Cas and V 
Cyg are both .Mira variables, R Cas being classified as 
M6e-M8e and V Cyg classified as C7,4e. Since R Cas 
and a Oh are both oxygen-hch stars, while V Cyg is 
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Fie. 1— The 2 — 13 m spectra of a Ori. R Cas, and V Cyg plotted versus wavelength. The 2-4 m (^A a 0.02) and S-13 m (^/X s 0.015) por- 
tions ate ground-based data. The 4-8 m portions are the new KAO data (AXA * O.OIS). Error bars are shown if statistical fluctuations eiceed 
S% of the measured flux. 


carbon rich, the two classes of stars will be discussed 
separately. 

V Cygni 

The 2— 4fi spectra of carbon stars have been dis- 
cussed most recently by Merrill and Stein (1976) and 
this portion of the V Cyg spectrum will be mentioned 
here only briefly. The depression at 2.3fs is well identi- 
fied as the first overtone band of CO in the stellar at- 
mosphere (McCammon, Munch, and Neugebauer 1967). 
The origin of the deep absorption at 3.05^ and the 
shallow depression at 3.9^ have been discussed by Mer- 


rill and Stein (1976). At the spectral resolution of this 
observation, several plausible molecular species could 
be responsible for the absorptions. The 5/t absorption is 
probably dominated by CO absorption in the funda- 
mental vibration-rotation band. 

Forrest (1974) has analyzed the broad-band energy 
distribution of V Cyg and found that it could be fit if 
80% of the energy emitted by the star were absorbed 
and reemitted by the circumstellar dust shell. The ap- 
parent weakness of the photospheric molecular absorp- 
tion bands is readily explained by this model. The ap- 
parent depth of the 3.1ft and 5ft absorptions are 
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consistent with the energy of the stellar photosphere 
being completely absorbed in these features, if the stel- 
lar photosphehc temperature is S 2000* K. In this case 
the photosphere is responsible for '>- 20 % of the ob- 
served flux outside the 3.1fi absorption band, and pro- 
portiorutely less flux at longer wavelengths. The lack 
of detection of photospheric absorptions beyond 5^ is 
understood in this case, since the emission in the dust 
shell provides more than ~90% of the total flux for A 
> S.5/1. From the viewpoint of understanding the mo- 
lecular abundances in carbon-rich stars, further obser- 
vations are needed of carbon stars with minimal cir- 
cumstellar shells. With the exception of the lip 
emission feature previously found in the spectrum of V 
Cyg (Forrest, Cillett, and Stein 1975), the circumstellar 
dust spectrum appears as a featureless continuum, con- 
sistent with the interpretation that the dominant par- 
bculate constituent of the circumstellar shell is graph- 
ite. 

Oxygen-Rich Stan 

Both R Cas, a Mira variable, and a Ori, an M super- 
giant. are oxygen-rich stars evidently undergoing mass 
loss. R Cas has been found to be a source of maser 
emission in radio lines of OH (Nguyen-Quang-Riew, 
Fillet, and Cheudin 1971; Wilson et al. 1972). HjO 
(Dickinson. Bechis, and Barrett 1973), and SiO (Snyder 
and Buhl 1975). It also is observed to have an infrared 
excess at '>' 10 p, attributed to a cloud of circumstellar 
dust formed from the ejected material of this star. This 
excess contributes only -*^2.5% of the total luminosity 
from this star, indicating that the circumstellar dust 
shell is optically thin. This excess is believed to be due 
to silicate-type material (Forrest et al. 1975). 

Alpha Ori also has an infrared excess identified as 
silicate dust in emission (see Dyck and Simon (1975) for 
a review of observations), while no emission in SiO, 
HjO, or OH maser lines has been detected (Snyder and 
Buhl 1975). The flux in the silicate emission feature of 
a Ori is < 0.3% of the total stellar luminosity from 
this star. 

In both cases the 4-8p spectrum is cleturly domi- 
nated by stellar photospheric flux, although in the case 
of R Cas there is a suggestion of an excess at A > 7p. 
Both spectra show the 5p depression of CO, and no 
other obvious features. The 2.3p and 5p CO bands ap- 
pear to be of comparable strength in the spectrum of 
a Ori, while the 5p band in R Cas is much weaker 
than the 2.3p band. 

.A puzzling aspect of the 4-Bp spectrum of R Cas is 
the absence of any evidence of water vapor opacity, 
which one might expect on the basis of the water va- 
por absorption seen from 2.5-3.3p. Since the opacity 
of hot water vapor is comparable at 2.8p and 7-8p, 
some depression in the photosphere spectrum might be 


expected. Detailed stellar atmosphere calculations are 
needed to explain this result. To 15% of the continuum 
(the size of the scatter at this wavelength) there is no 
evidence of absorption in the SiO bands around 7.8p in 
either spectrum. 

The 5p Absorption Band 

Treffers and Cilra (1975) have suggested that C 3 and 
other molecules may be quite abundant in the atmos- 
pheres of carbon-rich stars, aiKl might considerably af- 
fect the 5p portion of the spectrum (C 3 has strong ab- 
sorption in the wavelength range 4.&-5.9p). In such a 
case one would expect to see a significant difference 
between the 5p absorptions observed in carbon- and 
oxygen-rich stars. The observations of V Cyg and a Ori 
do not show such an effect. Rather a detailed com- 
parison of the 5p depressions show that they are iden- 
tical to within the observational uncertainties. Thus, 
we conclude that this depresssion is dominated by fea- 
tures due to molecules common to carbon- and oxygen- 
rich stars, primarily CO. 

Summary 

Spectra (4— 8 fi) of late-type oxygen- and carbon-rich 
stars are reported and show mainly stellar photospheric 
blackbody emission in the case of the M stars and cir- 
cumstellar dust in the C star. .Absorption from —4.5p 
to 5.2p is observed in both types of stars and is attri- 
buted to CO; no other significant features are seen. 

We would like to thank Paul Brissenden for techni- 
cal assistance and K. Michael Merrill for helpful dis- 
cussions. We would also like to thank the staff of the 
Kuiper .Airborne Observatory for their invaluable assist- 
ance, and particularly Don Wilson of Informatics, Inc., 
for efforts beyond the call of duty. Airborne infrared 
astronomy at UCSD is supported by NASA grant NCR 
05-005-055. 
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Summary. Observations of the 4.5-8 )un spectrum with a 
resolution J/l/x ■'>0.015 of the BNKL source in Orion are 
reported. No obvious spectral features are found. An 
upper limit on the abundance of carbonate grains in the 
line of sight to BNKL is determined. 

Key words: infrared sources — Orion Nebula 


This note reports spectrophotometric observations from 
4.5-8 pm of the infrared source in Orion known as 
BNKL. Previous ground-based observations (sum- 
marized by Wynn-Williams and Becklin. 1974) have 
shown this complex to be a cluster of several point 
sources. The hottest and brightest is known as the BN 
source, while the other point sources, and the cool 
extended source on which they are superimposed are 
collectively referred to as the KL source. 

These observations, using a cryogenically cooled 
niter-wheel with spectral resolution d/l/A-'0.0l5, were 
made using the 0.9 m telescope of the Kuiper Airborne 
Observatory in October 1971 The details of the equip- 
ment and the observing technique are given elsewhere 
(Russell et al., 1976). Briefly, the observations were 
obtained using a 30” focal plane aperture to minimize 
signal fluctuations due to seeing and drifts in the 
automatic tracker. The beam separation was 2' in cross 
elevation (nearly right ascension at the time of the 
observations). The observations were made while the 
airplane was flying at an altitude of 125 km. 
Instrumental response and residual atmospheric opacity 
due to the small amount (125-14.5 pm) of precipitable 
water vapor along the line of sight were calibrated by 
observing the standard star a Tau. whose spectrum was 
taken to be a blackbody at a temperature of 38(X)K, 
except for a depression of 20% from 4.5-5.2pm due to 
CO absorption. 

The ob'erved 4.5-8 pm spectrum of the BNKL source 
is shown in Figure 1, while the composite spectrum of 

Send offprint requests to: R. W. Russell 
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Fig. 1. The 4.5-8 (im spectrum of the infrared (BNKL) cluster in Orion, 
obtained with a 30" aperture 


BNKL from 2-25 pm is shown in Figure 2 The spectra of 
Figure 2 were obtained with different focal plane aper- 
tures, the effects of which are shown clearly in the 8- 
13 pm spectrum. 

The 4.5-8 p spectrum, obtained with a 30" aperture.'is 
apparently at a slightly (13%) higher flux level than the 
overlapping spectra obtained from ground-based obser- 
vations [Gillett and Forrest (1973). hereafter GF]. This is 
probably caused by the larger aperture and chopper 
amplitude employed in the 4.5-8 pm observations. 


Discussion 

The apparent depression from 6-7 pm in the spectriun of 
Figure 1 is not fit well by any of the absorptions expected 
in this wavelength region. From the spectra in Figure 2 it 
appears that the spectrum for A < 7 pm is dominated by 
the hot BN source, while from 7-8 pm a significant 
contribution is made by the cooler sources (Rieke et al.. 
1973) included in the 30" observing aperture, and the 
combination of the spectra of these sources causes the 
apparent depression from 6-7 pm. 
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R. W. Russell et al.t 4-8 iim Spectrum of BNKL 



Fn. a. Tbe composite spectrum of the BNKLcompin from2-2Spm. The mcasuremenu and apertures are — Zl-ZS pm GilIettetaL(197Sb|, 17* 
aperture, • I8-Spm GiUett and Forrest (19731, average of 11* and 22* apenure ; □ 4.S-8 pm this paper, 30* aperture,^ 7.S-13.S pm Gillen and 
Forrest (1973), 11* aperture, • GiUett and Forrest (1973), 22* aperture; • 16-23 pm Forrest and Soifer (1976), 17* aperture 


The observed spectrum suggests that the dust shell 
that is the source of the infrared flux from BN has a 
smoothly continuous opacity in the 4-8 )un range. 
Silicate materials are presumed to provide the dominant 
source of opacity of interstellar dust from 8-13 pm. Ter- 
restrial silicates show a rapid decrease in opacity for 4 
<8 pm (Pollack et aL, 1973). Since the spectrum of BN 
shows no signiHcant change of slope at A <8 pm, we 
conclude that the dust opacity does not decrease drasti- 
cally at /I <8 pm. Thus, either the silicate material has a 
significantly larger opacity than terrestrial silicates from 
5-8 pnu perhaps due to impurities in the grains, or 
another material provides opacity in this wavelength 
range. Because the absorption spectrum of the KL source 
(GF) has a rapidly decreasing opacity for A <9 pm that is 
characteristic of silicates, we consider the more likely 
explanation of the continuous spectrum to be that 
another dust component provides opacity at A <8 pm. 
Graphite, with no spectral features at infrared wave- 
lengths, is one likely candidate to provide additional 
opacity. 

There is no evidence for any spectral features in the 
4.5-8 pm spectrum of BNKL, other than that introduced 
by the superposition of spectra of different sources 
within the 30' observing aperture. In particular, we can 
use the observed smooth continuum to place upper limits 
on the column density of carbonate materials in the line 
of sight to the BN source. Mineral carbonates, which 
have a strong resonance absorption that peaks at 7 pm, 
have been tentatively identified by Giliett et al. (1973) in 


the 8-13 pm spectrum of planetary nebulae. From the 
lack of any evidence of carbonate absorption, we obtain 
an upper limit of T7||*<0.2. From the 7 pm mass opacity 
coefneient of carbonates (Hunt et al., 1950) the upper 
limit on the column density of carbonates is gdl 
^ 15 10*^gm/cm^ in the line of sight to the BNKL 
source. Comparing this to the optical depth to BN at 
9.7 pm deriv^ by Giliett et al. (1975a), we derive an upper 
limit of 0.05 on the ratio by mass of carbonate to silicate 
grains in this line of sight 
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36.0S.33 lnfr«r»d Sp«ctr» of Protoitan R. C. 
PUETTER, R. W. RUSSELL, B. T. SOIFER, and S. P. 
WILLNER, Untv. of CalU. . San DUio -- Tha 2 to 13 u»n 
•poctra ot 5 compact iulrarad aourcai aaiociatad with 
molocular eloodi hava baan maaaurad with tha Kuipar 
Airborne Obaarvatory and ground.baaad talaacopas. 

Tha fourcea -- OMC2.IRS3, CL 989 ■ DAA 6. CL 2591 > 
UA 27, CL 2884, and NCC 7538E .. are apatUUy 
iaolatad from other aourcea of comparable atrength. 

The apectra all ahow broad abaorptioo featuraa near 
3. 1 and 9. 7 itm; the featuraa are attributed to ica and 
ailicataa, raapactively. Two new abaorption featuraa, 
ahallower than the lea and aillcate abaorptiona, are 
aaen naar 6. 0 and 6. 8 uin. Tha ratioa of the daptha 
of tha varioua featuraa are different from object to 
object. Thia reaaarch waa aupportad by NASA grant 
NCR 05.005.055 and NSF grant AST 76.82890. 


03.OC.35 Water in the 2u Infrared Spactrun of 
Hlraa . K. H. HINKLE. WcD. Oba. and Dept, of Aatron .. 
U.T. — Tan high reaolution (Aoe.lScn*^) 4000-6700 
cn“l infrared apectra of the bright H-cypa Kira 
variable R Laonia obtained at a variety of phaaea 
have been aearchad for atallar water banda. Three 
banda are readily identified in the apectra, two 
at S300cn~l and another at 6900cn~l. TVo banda 
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I!i.0!>.07 Tli« * ** *30*3639 

aad PoMttU C«U»tUl Cr SiW SltmBtt R. W. 
MiiiLL. R. C. injETTtl, KrT. SOIFER. and 
S. P. WILLNCR. Unlv. of CatU. , S«a Dt«go .• Broad 
tmisaion faatur** at 6. 2 and 7. 7 um, firit scan ia tha 
•paetrum of NCC 7027, eharactariaa tha 4.8 uin apae. 
trum of eia low axcitatlon planetary nebula BO >30* 36 39. 
Theta faaturaa, which are broader than tha inttrumental 
reaolutlon (dX/X — O.OIS), have bean attributed to paaka 
in tha amittivity of tha duat graina that produce tha 
bulk of the infrared flun at theca wavelangtha. A com. 
pariaon of tha aatronomical apactra with laboratory 
emiaaivity data for email 2.S um) particlea of CaC 03 
and MgCOy auggeata that neither of thaae materiala can 
be raaponaibla for the paaka taan in tha aatronomical 
data. Alternative materiala exhibiting aoma faaturaa 
aimilar to tfaoaa aeen in the planetary nebulae apactra 
have alto bean atudiad. Howavar, theaa materiala 
axhibit faaturaa that are not obaarvad in tha aatronom. 
leal data. In addition to tha broad faaturaa, BD >30*3639 
alto poaaataea a ctrong [Ar Q] lina at 6. 98 uRt* From 
the atrangth of thia lina, argon ia found to be over, 
abundant comparad to coamic abundancaa. Combined 
with tha earlier report of an over.abundance of neon, 
thia ia evidence for aignifieant nuclear proreating and 
mixing in tha central atar. Thia reaaarcb waa 
aupportad by NASA under grant no. NCR OS.005.055. 
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2 TO 8 MICRON SPECTROPHOTOMETRY OF M82 
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Department of Phyiics, Univenity of California at San Diego 
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R. R. Joyce and F. C. Gillett 
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ABSTRACT 

Observations of the central 30* of the galaxy M82 with 1.5% spectral resolution from 2 to 8 
are reported. Three emission features broader than the instrumental resolution are observed. 
Hydrogen recombination lines are also observed; they indicate an amount of thermal bremsstrah- 
lung emission equivalent to 0.8 Jy of radio flux at 3.5' mm and provide an estimate of ^^25 magni- 
tudes for the extinction to the H ii region. An upper limit on the 8.99 mih [Ar iii] line intensity 
together with the measured [Ar u] intensity implies that the excitation of the H n region is ex- 
tremely low. Comparison of fine-structure lines, including the 8 to 13 mid 1973 data of Gillett el d., 
with the hydrogen lines shows that argon and neon have approximately their cosmic abundance. 
Subject headings: infrared : spectra — galaxies ; individual — abundances 


I. INTRODDCnON 

The galaxy M82 (NGC 3034) was originally found to 
be a bright extended infrared source by Kleinmann and 
Low (1970). Gillett el d. (19755, hereafter Paper I) 
reported fl-13 mid spectrophotometric observations of 
the nucleus of M82; these observations showed that the 
nucleus, like the two galactic planetary nebulae NGC 
7027 and BD -|-30®3639 (Gillett, Forrest, and Merrill 
1973), has emission features at 8.7 and 11.3 mid. The 
similarity of the spectrum to those of the planetary 
nebulae was interpreted as indicating that the emission 
from M82 is thermal radiation from heated dust. The 
nucleus of M82 is viewed through a large column 
density of cold dust, as evid'nced by the apparently 
deep silicate absorption in the 10 mdi spectrum. 

In this letter, we report new spectrophotometric 
observations of M82 from 2 to 8 mid. These observations 
show further similarities with infrared sources in our 
Galaxy. The observed hydrogen recombination lines are 
used to derive properties of the ionized gas, extinction 
to the H n region, and an improved Ne abundance 
estimate, while a measured [Ar n| line gives the argon 
abundance. 

II. OBSERVATIONS 

The observations from 2 to 4 Min were obtained 
using the Kitt Peak National Observatory 1.3 m 
telescop>e, a circular variable filter, and an InSb detector 
(Gillett and Joyce 1975). Observations were obtained 
using 15", 22", and 30" apertures centered on the 
infrared source. The spectral resolution was AX/X *= 
0.015 from 1.9 to 2.5 Min and »0.02 from 2.8 to 4.2 

• Operated by the .Association of Universities for Research in 
Astronomy, Inc., under contract with the National Science 
Foundation. 


Mm. The spectral shape of the source is nearly indepen- 
dent of aperture size, with the flux nearly proportional 
to the linear size of the observing aperture over this 
aperture range. The 30" aperture spectrum is plotted 
in Figure 1, along with broad-band photometric points 
at 1.^ and 4.65 Min. 

The observations from 4 to 8 Mm were obtained using 
the 90 cm telescope of the Kuiper Airborne Observa- 
tory, flying at ~12.5 km, in 1976 May and November. 
The basic system is described by Russell and Soifer 
(1977), except that the detector used for these observa- 
tions was a Si: As photoconductor cooled with liquid 
helium. A 28" focal-plane aperture was used, and the 
observed spectrum is shown in Figure 1. The spectral 
resolution was AX/X » 0.015. Figure 1 also shows the 
8-14 Min spectrum from Paper I renormalized by the 
ratio of the aperture sizes of the airborne and ground- 
based (Paper I) systems (28"/7"). 

in. DISCUSSION 
a) Diffuse Emission Fedures 

The 2-8 Min spectrum of M82 shows several diffuse 
emission features in common with those of the planetary 
nebula NGC 7027 (Russell, Soifer, and Willner 1977a). 
These are the strong emission band at 3.3 Mm (Merrill, 
Soifer, and Russell 1975; Grasdalen and Joyce 1976), a 
strong emission feature at 6.2 Mm, and a broad peak in 
the emission spectrum at ~7.6 Mm. The emission peaks 
at 8.7 and 11.3 Mm have been noted previously in 
Paper I. The emission features mentioned above are 
also seen in the spectrum of HD 44179 — CRL 915 
(Russell, Soifer, and Willner 19776), and the 3.3, 8.7, 
11.3 Mm emission peaks are common to other galactic 
infrared sources such as BD -f 30°3639 (Russell, Soifer, 
and Merrill 1977) and CRL 437 (Kleinmann el d. 1977). 
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Fic. t. — The 2-13 moi spectrum of M82. FilM circles, dau obtained at K.PNO; circles, data obtained on the KAO. The filled drclea 
at wavelengths larger than 8 Min represent data from Paper I scaled from their 7* to the airborne system’s 28' aperture. The 2 to 4 Mm 
data were obtained through a 30' aperture. Also shown are the photometric fluxes obtained through filters centered at 1.65 Mm (AX m 
0.29itm) and 4.64 iim (AX «• 0.34 loa). The iiuert shows details of the spectrum near the By wavelength (2.17 mo). 


All these spectral features are broader than the instru- 
mental resolution; the 3.3 nm feature has been found to 
be a continuum at a resolution X/AX « 3000 (Smith 
el al. 1976, as discussed in Russell, Soifer, and Merrill 
1977). 

A likely explanation is that all these features are 
resonance bands of one or more solids; however, no 
positive identification of the radiating solid(s) has been 
made. Gillett, Forrest, and Merrill (1973) suggested 
that the 11.3 ttm emission feature in NGC 7027 could 
be emission in the fimdamental of MgCOt, and 
Bregmau and Rank (1975) observed this feature at 
higher spectral resolution and found it to be a con- 
tinuum and consistent with the carbonate signature. 
This identification predicts a much stronger feature 
(the vi fimdamental) near 7.0 mi". The lack of any 
evidence for this 7 mhi peak here or in NGC 7027 
(Russell, Soifer, and Willner 1977a) must call the 
carbonate identification into question. 

The broad peak at 7.6 am has the character of a 
fundamental solid-particle resonance. The full width at 
half-maximum of this band is t>’pical of solid-state 
bands (AX/X ~ 0.1), and the wavelength of the peak is 
certainly well within the range expected from solids 
composed of cosmically abundant elements. However, 
no specific mineral known to us has a strong resonance at 
this e.xact wavelength; in particular, no known carbon- 
ate exhibits a strong absorption centered near 7.6 tun. 

.Although the 6.2 nm and 3.3 ixm bands could be 
identified through wavelength coincidence with water 
of hydration resonance bands (White 1971; Johan, 
Povondra, and Slansky 1969), the properties of hy- 
drated minerals seem to make this an unlikely identifi- 
cation. At temperatures necessary to thermally excite 
these bands, water of hydration rapidly evaporates from 


most minerals. We therefore regard the 6.2 ^m and 3.3 
fim bands as having no satisfactory identification at this 
time. 

b) Hydrogen Recombination Lines 

Hydrogen recombination lines are e.xtremely im- 
portant in analyzing the properties of ionized gas. The 

4.05 Mm Ba line is clearly present in the spectrum of 
M82 (observed strength i.6 X 10“** W' cm"’ in a 30* 
beam). The spectrum also shows a possible detection of 
By at 2.17 am, with a strength of (1.5 ± 0.7) X 10"** 
W cm"*. Taking an intrinsic Ba/By ratio of 2.7 (Petro- 
sian 1970; Brocklehurst 1971) and van de Hulst’s 
extinction curve 15 (Johnson 1968), the observed Ba/ 
By ratio yields Av •• 25 mag to the nucleus of M82. 
.Although there is considerable uncertainty in this 
value, it is in reasonable agreement with the extinction 
derived from the best fit to the 10 Mm silicate absorption 
depth (Paper I) and Av/r%.s •• 14 (Gillett et al. 197 5o). 
This extinction is substantially in e.xcess of that which 
would be derived from the 7(1.25 Mm), H(1.65 mui), and 
K{2.22 Min) broad-band colors, indicating that the 
radiation short of 3 mhi is dominated by foreground 
stars in the galaxy along the line of sight. Preliminary 
analysis of higher resolution (X/AX «» 400) observations 
of Ba and By in an 11* beam (Simon, Simon, and 
Joyce 1977) are also consistent with /Iv in the neighbor- 
hood of 20 mag. 

The observ^ strength of the 4.05 mhi Ba line, with 
no correction for extinction at 4 Mm, implies an optically 
thin radio flux of 0.5 Jy at 3.5 mm. If a correction of 0.5 
mag is made for 4 Mm extinction, based on the strength 
of the 10 Mm absorption, the predicted free-free flux at 

3.5 mm is ~0.8 Jy. Within the uncertainties in the 
electron temperature and the extinction correction. 
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this predicted free-free flux is equal to the measured 
radio flux from M82 of ~0.6 Jy at 3.5 mm in a 72' 
beam (Kellermann and Pauliny-Toth 1971). The mea- 
sured flux is also consistent with a power law smoothly 
extrapolated from lower frequencies. Thus, either the 
hydrogen recombination line is emitted in very clumpy 
revolts of high enough emission measure to be optically 
thick at 3.5 mm, or the extrapolation of the low- 
frequency radio spectrum by Kellermann and Pauliny- 
To^ represents a chance summation of a Steepler 
p>ower-law spiectrum and a free-free continuum at 
exactly the right levels to mimic the apparently less 
steep spiectrum. 

• If the H n region in the nucleus of M82 is relatively 
uniform, the formulae of Schraml and Meager (1969) 
can be used to derive the electron density, the emission 
measure, and the mass of ionized hydrogen. The number 
of ionizing photons can also be derived and is discussed 
later. The results are .V, » 30 cm”', Em ” 5.7 X 10* px: 
cm”*, and Af (H il) - 7 X 10’ Moi all were calculated 
for a distance of 3.2 Mpc (Sandage 1962), an equivalent 
free-free radio flux of 0.8 Jy at 3.5 mm, and a gas 
temperature of 10* K. The emission measure is compa- 
rable to that derived by Peimbert and Spinrad 0970). 
They used a 10* apierture, so it is not surprising that 
the ionized mass derived here is 20 times larger; the 
electron density is half their value. Evidently, our 
observations include the same region, but if the average 
visual extinction to the H n region is as large as that 
implied by the silicate absorption (Papier I) and the 
Ba/By ratio, the extinction must be piatchy on a scale 
of ^lO*, and Peimbert and Spinrad observed an area 
with much less extinction than the average. 

The detection of Ba also allows one to estimate the 
total number of ionizing photons emitted by the energy 
source in the nucleus of M82. Using the relation 
developi^ by Rubin (1968) and the equivalent optically 
thin radio free-free continuum (inclumng the correction 
for extinction at 4 urn), we find the energy source emits 
at least 6 X 10** Lyman continuum photons pier 
second. On the basis of the excitation of the central 
region in M82, Peimbert and Spinrad (1970) estimated 
the tempierature of the central ionizing source to be 
30,000 K, which leads to a total luminosity of the 
ionizing source of Z. * 8 X 10** ergs s”'. This can be 
compared with the total infrared luminosity of M82 of 
Lir * 10** ergs s”‘ (Harpier and Low 1973). When an 
apierture correction is applied to our data to estimate 
the total Ba nuclear flux, it appears that if the tempiera- 
ture of the ionizing source is 30,000 K, the entire 
infrared luminosit}- of M82 could be produced by the 
ionizing source. .\s in many galactic H n regions, the 
total bolometric luminosity of the ionizing source can 
account for the infrared luminosity, but the L\man 
continuum luminosity alone is not sufficient (\V\Tin- 
W'illiams and Becklin 1974). In the case of M82, for 
T — 30,000 K, the Lyman continuum luminosity is 
only one-fifth of the total infrared luminosity observed. 

c) Fine-Siructure Emission Lines 

The narrow emission feature near 7 /im shown in 
Figure 1 is identified as the 6.98 ism fine-structure line 


of [Ar It]. The total flux in the line is about 4 ± 1 X 
10”*' W cm”*; the instrumental bandwidth was assumed 
to be 0.10 ^m. From the calculations of Simpison (1975), 
the observed ratio of (Ar ii] line flux to Ba line flux 
implies n(Ar ii)/«(H'*’) 5 X 10”*. No differential 

reddening correction has been applied in calculating 
this number; any such correction would tend to decrease 
the Ar/H ratio, because Ba is more heavily attenuated. 
[Ar ui] emission at 8.99 is not appiarent [/((Ar 
III)) < 2.4 X 10”" W cm”’; Papier I], so Ar ii is 
probably the principal ionization state. Cameron (1973) 
gives n(Ar)/n(H) » 3.7 X 10”* as the normal solar 
abundance, so there is apparently a normal or slightly 
enhanced Ar abundance in M82. 

From the observed [Ne il] line flux at 12.8 pm and 
the relations derived by Simpison (1975), the apparent 
if(Ar ii)/n(Ne ii) ratio is ~0.037, again suggesting a 
normal cosmic abundance of neon (Cameron 1973). 
Differential extinction due to silicate absorption should 
not change this result by more than 50%. 

The lack of 8.99 ^m emission from |.\r lu] places an 
uppier limit w(.\r m)/«(Ar ii) < 0.7, if (9 iim) — 
2/3 r,b. (9.7 Mm) - 1. Since the ionization potentials 
of Ar II and He i are nearly the same (27.6 eV versus 
24.6 eV), this is reasonably consistent with the ratio 
«(He ii)/n(He l) » 1 determined by Peimbert and 
Spinrad (1970) and provides additional support for an 
ionizing source tempierature T < 30,000 K. 

The uppier limit on the lem^rature of the ionizing 
source suggested by the (Ar iii]/(Ar n) ratio implies 
that the ionization is likely to be due to a thermal 
source. One possible model for the ionizing source is BO 
main-sequence stars; 2 X 10* (Panagia 1973) such stars 
would radiate the required Lyman continuum flux, 
their mass would be 2 X 10’ Mq (Cester 1965), and 
their luminosity (Panagia 1973) would equal the far- 
infrared luminosity of M82 (Harpier and Low 1973). 
W’ith this model, cooler stars cannot dominate the 
infrared luminosity (because the BO stars already pro- 
vide sufficient luminosity), nor can there be significant 
numbers of hotter stars, because they would ionize 
(Ar n). 

d) The 2 urn Stellar Content 

That cooler stars are present in the nucleus of M82 
is evidenced by the presence of the CO overtone 
absorption band near 2.3 Mm. The strength of the 2.3 Mm 
CO absorption is luminosity-depiendent and can be used 
to estimate the stellar component respionsible for the 2 
Mm radiation. Following Frogel et ai. (1975), we used 
the CO index (2.4 Mm]-(2.2 Mm] to quantify the CO 
band strength. For M82, reddening must also be taken 
into account, and this is done by comparing the ob- 
served (1.65 Mm]-(2.2 Mm] color of M82 with that of 
txTJical galaxies (Frogel et al. 1975) and extrapiolating 
the color excess to [2.4 Mm]-(2.2 Mm] iwing the van de 
Hulst curve 15. The resulting “intrinsic” CO index for 
M82 is ~0.16, which is in the range observed for normal 
galactic nuclei and correspxmds to that of late K, early 
M giant stars (Frogel et al. 1975). 

The total luminosity of the stars responsible for the 
2 Mm radiation can be estimated if the average extinc- 
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tion at 2 mhi and the effective stellar temperature are 
kno^^n. The stellar temperature is tadien to be 3000 K, 
and the 2 >im extinction, estimated from the (1.65 ^m)- 
(2.2 «im] color and van de Hulst curve 15, is about 0.5 
mag. As pointed out earlier, this estimate is substantial- 
ly less than that derived from the Ba/B^ ratio, indi- 
cating that the bulk of stars is less attenuated than the 
H n region and 10 ^m source. The resulting stellar 
luminosity is -^2 X 10** ergs s”*, which is only one- 
hfth of the total infrared luminosity and consistent 
with the idea that B stars provide the bulk of the 
infrared luminosity. 

IV. SUMMARY 

1. The nucleus of M82 exhibits several diffuse 
emission features in common with an increasing number 
yjf galactic sources. These features are similar in appear- 
ance to resonance bands of solids, but there are at 
present no convincing identifications for any of them. 


Understanding the origin and e.xcitation of these fea- 
tures is a nujor problem in infrared astronomy. 

2. The observed Ba and (possibly) By recombination 
lines indicate the presence of an H ii region in the 
nuclear region of M82 larger than expected from radio 
continuum observations. 

3. The observed upper limit n(Ar ni)/«(Ar n) < 
0.7 is consistent with n(He ti)/M(He i) « 1 (Peim^rt 
and Spinrad 1970), and implies that if the ionizing 
source is thermal, t < 30,000 K. For T — 30,000 K, 
the total luminosity of an ionizing source sufficient to 
produce the observed H n region is £ • 10^‘ ergs s”‘, 
which is essentially the total infrared luminosity of the 
nucleus of M82 (Harper and Low 1973). 

4. The strength of the 2.3 Mm CO overtone absorption 
band indicates that the 2 Mm spectrum is dominat^ by 
late K and early M giant stars. The luminosity asso- 
ciated with these stars is approximately one-fifth of the 
total infrared luminosity. 
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THE 4 TO 8 MICRON SPECTRUM OF NGC 7027 
Ray W. Russeu., B. T. Soitee, and S. P. WaLNEX 

Deputment of Pbyiks, Univenity of Cmlifomu, S«s Diego 
JtMthid I9n ii»y 26; aee*p(ti J977 Auput 3 

ABSTRACT 

Spectrophotometric observations of NGC 7027 with AX/X *> 0.015 are reported. The continuum 
shows a strong, broad peak near 7.7 Min, but little or no evidence for the strong peak near 7.0 Mm 
expected from previously pMtulated carbonate {pains. A spectrally resolved feature at 6.2 Mm is 
found and attrmuted to an increase in the emissivity of some as yet unidentified dust material. 

Unresolved emission features are seen at 4.49 and 5.60 Mm. These are attributed to [Mg iv] X4.49, 
[Ar vi] X4.52, and (Mg v] X5.61. The flux in the [Mg v] line is used to derive a lower limit on the 
tempeiature of the central star of 1.3 X 10* K; a better estimate might be 7^, 2 X 10* K. It is 

suggested that magnesium is overabundant. 
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I. omooucnoN 

Infrared observations of the planetary nebula NGC 
7027 (Gillett, Low, and Stein 1967) revealed an infrared 
excess above the expected free-free continuum ex- 
trapolated from the radio observations. This excess is 
attributed (e.g., Krishna Swamv and O’Dell 1968) to 
thermal rai^tion by dust mixed with the nebular gas. 

NGC 7027 has an extremely rich infrared spectrum 
(Merrill, Soifer, and Russell 1975, hereafter Paper I; 
Gillett, Forrest, and Merrill 1973, hereafter GFM) 
displa>'ing broad peaks, atonuc fine-structure lines, and 
recombination lines of hydrogen and helium. The broad 
peaks have, at best, been only tentatively identified as 
solid state emission bands. We report here airborne 4-8 
Mm spectroscr^y of NGC 7027. The spectrum exhibits 
considerable structure. Two new broad emission peaks 
were found; these complicate the interpretation of the 
dust emission spectrum. In addition, at least two 
emission lines were observed. 

n. OBSESVATIONS 

The data were obtained with the UCSD spectro- 
photometer mounted at the bent Cassegrain focus of 
the 90 cm telescope on the Kuiper Airborne Observa- 
tory (KAO). The system utilized an arsenic-doped 
silicon detector, but otherwise remains as described by 
Russell and Soifer (1977). The beam size was 28* and 
the two chopped beams were separated by ^^2'. 

The 4-8 Mm spectrum of NGC 7027 is displayed in 
Figure 1. The data were obtained in 110 minutes of 
flight time on 1976 May 26 (U.T.), 50 minutes on 1976 
May 28, and 15 minutes on 1976 November 5. Data 
reduction was accomplished bv comparison with a 
standard star (a Boo or a Tau) also observed during 
each flight. 

Figure 2 shows the 2-14 Mm spectrum of NGC 7027; 
the 2-4 Mm data are from Paper I. New data between 
7.5 and 13.7 Mm were obtained with the UCSD- 
University of Minnesota 1.5 m telescope on Mount 


Lemmon using a 17' beam and standard techniques 
(Gillett and Forrest 1973). These data, obtained by 
A. Knutson, K. M. Merrill, and the authors and 
plotted in Figure 2, have more complete wavelength 
coverage and a better signal-to-noise ratio than the 
data of GFM. For Figure 2 no adjustment of the 
absolute levels of the three spectral regions was made; 
the slight difference in level is smaller than the un- 
certainty in the flux densities of the various standard 
stars us^ to calibrate the data. 

m. RESOLVES EEATtmES 
a) Feature at 71 um 

The continuum flux, as shown in Figure 2, rises to a 
strong peak near 7.7 Mm. This p>eak is significantly 
broader than the instrumental resolution, yet narrower 
than a blackbody distribution. If the infrared con- 
tinuum is due to thermal emission from dust, as is 
generally accepted, the dominant character of this fea- 
ture linlLs it implicitly with the dust. If the temperature 
of the dust Td > 250 K, as indicated by color-tempera- 
ture estimates based on the data in Figure 2, the dust 
must have an optical depth r < 10~*. Because the dust 
is optically thin, broad emission peaks may be attrib- 
uted to peaks in the grain emissnity. Other resolved 
features are seen at 3.3/3.4, 6.2, 8.6, and 11.3 Mm; 
neither these nor the 7.7 Mm feature can reasonably be 
attributed to any blend of atomic lines. 

The features are not likely to be molecular bands, 
because they have all been o^rs’ed at the same wave- 
lengths in the low-excitation objects HD 44179 (Russell, 
Soifer, and Willner 1978) and M82 (Wilber et at. 1977), 
and molecular bands are usually quite temperature- 
dependent in their shape and wavelength of peak flux 
(Russell, Soifer, and Merrill 1977). However, only 
bgher resolution observations can absolutely rule out 
molecular bands or atomic Ibe combbations. The 
interpretation that appears most reasonable is that the 
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Fk>. 1. — ^The 4-8 Mm spectrum of NGC 7027. Wavel^ths of fine structure unee are noted, along with the wavelength of the He a line 
dis c uia e d in the text. Open circles represent data obtained on 1976 .November 4/S only. Filled trusnries are averages of adjscent wave- 
lengths and have a resolution of 3%. Pluses are 1976 May data at the wavele^th of (Mg tv| and (Ar n|. Significant variations in the 
obMTved intensity were seen at these wavelengths, as discussed in the text. Statistical errors ^S% are shown. 


HsQ PfyBo 


!Arin |SS| :NdD 


10 II 12 1314 


Fic. 2. — The 2-14 Mffl spectrum of NGC 7027. Symbols for airborne data are the same as for Fi|. 1, and crosses represent ground-based 
data. Data for X ^ 4.0 Mm are from Paper I. Possible dust emission features and additional atomic transitions are noted. 
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peaks represent the structure in the emiisivity curve of 
the grains. 

b) SondeUction «/ Carbonates 

GFM proposed mineral carbonates u a pouible 
constituent of the dust, based on the wavelength and 
shape of the 11.3 M>n feature. Higher resolution observa- 
tions (Breman and Rank 1975) supported this identi- 
fication. However, terrestrial carbonates studied in 
absorption (e.g.. Hunt, Wisherd, and Bonham 1950) 
and recently in emiuion in our laboratory show a peak 
in their cmiaaivity near 7 tan even larger than that at 
11.3 Min- When only the ground-based data were 
available, it was reasonable to suppose (GFM) that 
the flux level would peak at 7 Mm. The airborne data 
show that this does not h^pen; rather, the major 
peak lies near 7.7 Mm. 

Four reasons why the 7.0 Mm feature is not observed 
at the expected strength are considered here. First, 
carbonates may not be present. Second, the wavelength 
of peak emission may be shifted from 7.0 to 7.7 Mm, 
where N(}C 7027 has a feature close in relative strength 
and half-width to that expected for the 7 Mm carbonate 
feature. The idea of such a large wavelength shift is 
barely tenable, because the feature can only appear 
within the wavelength range where the real part of the 
dielectric constant is negative (Huffman 1977). For 
terrestrial MgCOi, which exhibits an 11.3 Mm feature 
most like that seen in NGC 7027, the peak emission 
cannot be shifted to a wavelength longer than 7.05 Mm 
(Huffman 1977). 

A third explanation for the smaller peak at 7.0 Mm 
relative to that at 11.3 Mm is that the intrinsic strength 
of the 7 Mm feature is weaker in astrophysical grains 
than in terrestrial samples. This is unlikely b^use 
both of these peaks are due to molecular resonances in 
the COi radi<^, and the relative strength should be 
moderately insensitive to the composition or size of the 
particles. The 11.3 Mm feature could possibly be en- 
hanced if it is excit^ by fluorescence, the mechanism 
suggested by Gillett (1977) for exciting the strong 
feature at 3.3 Mm. 

The fourth alternative is that the carbonate grains 
have a temperature sufficiently low that the ratio of the 
strengths of the 7 and 11.3 Mm features is reduced. 
There is a small rise above the adjacent continuum at 
7.0 Mm. The strength of this rise cannot be completely 
explained by a blend of He n and [Ar n| atomic lines 
expected at this wavelength, and the rise is broader 
than would be expected even for a blend of two lines. 
If one assumes that carbonates are responsible for the 
7 Mm rise and the 11.3 Mm feature, the relative flux 
levels place an upper limit of ~150 K on the tempera- 
ture of the carbonate dust. On the other hand. Penman 
(1976) found a peak in carbonate spiectra near 25 Mm. 
No such peak was observed in NGC 7027 by McCarthy, 
Forrest, and Houck (1977). Their upper limit, combing 
with the flux in the 11.3 Mm feature, places a lower 
limit on the temperature of 325 K. The absence of a 
25 Mm feature might be due to the disruption of long- 
range order in the carbonate crystal by radiation 


damage, which would be expected to leave the shorter 
wavelength carbonate features intact (Day 1977). This 
explanation still requires that the cartxmate grain 
temperature be very low. Until some explanation for 
the absence of the 7 and 25 Mm features is substantiated, 
the identification of carbonates in NGC 7027 must be 
regarded as doubtful. 

e) Feature at 6.2 

The 6.2 Mm feature is characterized both by its 
strength and comparatively narrow width. The band 
is slightly broader than die instrumental resolution, 
having an apparent full width at half-maximum inten- 
sity of AX w 0.15 Mm. No atomic fine-structure lines of 
reasonably abundant elements are known to occur at 
this wavelength. Moreover, the observation of this 
band in the low-excitation nebulae M82 (W'illner et at. 
1977) and HD -Ml 79 (Russell, Soifer, and Willner 1977) 
makes the identification of this band with a combination 
of several atomic fine-structure lines highly doubtful. 
The wide variety of excitation conditions under which 
this band is observed also makes it e.xtremely unlikely 
that this band is due to a collisionally excited molecular 
band. 

A possible mechanism for producing this feature is 
emission in a resonance band of the dust associated 
with this region. If the emiuion is strictly thermal and 
the 7.7 Mm and 6.2 Mm bands are in the same material 
and have intrinsic^ly equal strengths, the required 
dust temperature is <^340 K. Water of hydration in a 
variety of host materials has a strong narrow resonance 
at '^.2 Mm (Nyquist and Kagel 1971); however, for 
temperatures >300 K, most hydrates would lose 
several, if not ul, of their water molecules. Thus, this 
identification must be regarded as extremely doubtful, 
and this band must be regarded as unidentified. 

IV. CNKESOLVEO FEATURES — ATOMIC LINES 

No hydrogen or helium recombination lines were 
clearly detected from 4 to 8 Mm, but the upper limits 
are consistent with observed recombination line strengths 
(Paper I; Brocklehurst 1971). 

S^eral ions have forbidden lines between 4 and 8 
Mm. Pouible forbidden-line identifications, based on the 
wavelengths of the observed narrow features and on 
the ol»ervations of related lines in the optical (Kaler 
et at. 1976, hereafter RACE), are indicated in the 
figures. These include [Mg v] at 5.61 Mm and a blend 
(if both are present) of [Mg iv] at 4.49 Mm and [Ar vi) 
at 4.52 Mm. [Ar u] at 6.^ Mm and [Ar v] at 7.89 ur\ 
might also be present. 

The line at 5.60 ± 0.02 Mm, identified with [Mg v), 
is an important one because of the high (109.3 eV) 
ionization potential of Mg iv. At the same time, this 
high ionization potential, compared to the more preva- 
lent states of ionization indicated by other ionic species 
(discussed originally by Aller and Menzel 1945), casts 
some doubt upon the identification. 

A strong, narrow band at 5.6 Mm has been seen in 
several minerals studied in our laboratory. These all 
have an XYOi composition, suggesting that the feature 
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may be associated with the Oi structure. While the 5.60 
(im feature might be attributed to such minerals in 
NGC 7027, we regard this as unlikely for two reasons. 
First, stronger, broader bands at other wavelengths 
observed in the laboratory spectra remain inconsistent 
with the astronomical data. Second, if the material 
that produces the 5.60 mRi feature is responsible for 
other resonances that appear in the NGC 7027 spec* 
trum, the feature should appear in the spectra of M82 
and HD 44179, where all the broad spectral features 
are seen in common. Because the feature at 5.60 itm is 
not present in the other two sources, we regard it as 
more likely that this feature is an atomic line uniquely 
associated with the high excitation in NGC 7027. 
Higher spectral resolution observations are clearly 
ne^ed to confirm this assumption. 

The line wavelength derived from our observations 
is in excellent agreement with that tabulated for [Mg v| 
(Johannesson, Lundstrom, and Minnhagen 1972), and 
we were unable to find any other atom or inn through 
iron which had a likely transition near this wavelengui. 
The Mg V ion has two additional forbidden transitions 
at 2783 k and 13.54 ^m (Johannesson, Lundstrom, 
and Minnhagen 1972), neither of which has been 
observed (Bohlin, Marionni, and Stecher 1975; Fig. 2). 
However, the upper limits are coiuistent with the 
expected flu.xes of 1.7 X 10"'* ergs cm"* s"‘ for the 
UV line and 5.2 X 10"" ergs cm"* s"' for the IR line; 
atomic and nebular parameters used to calculate these 
expected line flu.xes were taken from RACE; Bohlin, 
Marionni, and Stecher (1975); Saraph, Seaton, and 
Shemming (1969); and Wiese, Smith, and Miles (1969). 
Observations of both of these lines should be possible 
with higher resolution in the IR and with the improved 
sensitivity in the UV reported by Bohlin, Marionni, and 
Stecher ^197 5). 

If the [Mg ivj line at 4.488 Mm (Johannesson, Lund- 
strom, and Mirmhagen 1972) is present, it might be 
considered a confirmation of the identification of the 
5.60 Min feature with the [Mg v] line. Although there is 
an emission feature at 4.49 Mm, it may be partly due to 
[Ar vt); furthermore, the total observed strength of this 
feature is weaker than would be expected for the [Mg 
iv] line alone, based on the 5.60 Mm line strength and a 
reasonable ionic abundance distribution (Aller and 
Menzel 1945). One possible explanation for the apparent 
weakness of the [Mg rv] line is a wavelength coincidence 
with, and thus absorption by, a telluric line. Both NiO 
and "COi have lines in this general part of the spec- 
trum, but only an NtO line is both close enough in 
wavelength and a strong enough absorber to reduce the 
strength of the line to tW observed (Greenberg 1977). 
Observational support for at least some telluric absorp- 
tion is provided by the fact that the observed 4.49 Mm 
flux varied by a factor of 2 between the spring and fall, 
as shown in Figure 1. This variation was presumably 
due to the changing relative wavelengths of the celestid 
and telluric lines caused by the Earth’s motion. Depend- 
ing on the exact wavelengths and on the strength of 
the telluric line, the total absorption could easily be a 
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factor of 3 (Greenberg 1977). Observations with higher 
spectral resolution are necessary to confirm the identi- 
fication and to determine the exact amount of absorp- 
tion. 

The Mg V abundance can be estimated by a compari- 
son of the intensity of the 5.60 mRi line with the radio 
flux (Higgs 1971), provided the identification of the 
5.60 Min line is correct. The observed ratio n(Mg v)/ 
n(H n) is ^1.7 X 10"*, or about one-half the solar Mg 
abundance of 2.6 X 10"' (.Allen 1973); the collision 
strengths were taken from Saraph, Seaton, and Shem- 
ming (1969) and the electron temperature from RACE. 
.As indicated by Aller and Menzel (1945), there should 
be more Mg rv than Mg v; thus magnesium appears to 
be overabundant in NGC 7027. If the deduced fractional 
abundance of magnesium in the gas phase of NGC 7027 
is typical of planetary nebulae, then either the ob- 
served deletion of magnesium in the interstellar 
medium (rield 1974) is due to processes occurring at a 
later stage than that evidenced by NGC 7027, or else 
planetary nebulae produce no more than 10% of inter- 
stellar matter. 

The fiux of the [Mg v] line sets a lower limit on the 
rate of emission by the central star of photons capable 
of ionizing Mg iv. This emission rate sets a lower 
limit on the temperature T. of the central star, pro- 
vided the luminosity can be determined. If the infrared 
luminosity of the nebula (Telesco and Harper 1977) 
represents the total luminosity of the central star and 
if all photons capable of ionizing Mg rv do so, then 
r, > 1.3 X 10* R. The limit is independent of the 
distance to NGC 7027 but is based on the assumption 
that the central star radiates like a blackbody. Probably 
other ions, notably oxygen ions, are important com- 
petitors for the UV photons. If the fraction of L^ 
photons absorbed by Mg iv ions is really 1/25, the 
solar abundance ratio by number of Mg to O (Allen 
1973), then T, * 2 X 10* R. 

V. SUMMARY 

Spectroscopy of NGC 7027 from 4 to 8 Mm has 
revealed two resolved features at 6.2 and 7.7 Mm, 
assumed to be due to characteristics of the dust grains 
responsible for the infrared continuum emission. A 
large peak near 7.0 Mm, e.xpected on the basis of the 
previous identification of the 11.3 Mm feature with 
mineral carbonates, does not exist in NGC 7027. The 
emission peak at 6.2 Mm is probably due to another 
resonance band of the dust associated with the nebula. 

Two unresolved emission features at 4.49 and 5.60 
Mm have been observed. The feature at 5.60 Mm is 
best identified as a fine-structure line of [Mg vj. The 
line intensity implies a lower limit on the temperature 
of the centr^ star of NGC 7027 of T, > 1.3 X 10* R; 
a better estimate might be T, 2 X 10* R. .Also, the 
Mg abundance is probably greater than the solar value. 
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NoU added in proof . — There is a wavelength coincidence between the t»0, 7»7— *5 line (6.91 pm) of Hi and 
the 7 pm rise in our dau. However, if the Ht is in thermal equilibrium at a temperature comparable to the excitation 
temperature of the observed t — 1,7»3— »1 line at 2.12 pm (Treffers, Fink, Larson, and Gautier, Ap. J., 209, 793 
(1976]}, molecular hydrogen emission should not contribute signihcantlv to the flux (1 X 10~‘' W' cm~*) in the 7 pm 
rise in our data. (These calculations are based on the molecular data of ^ink, Wiggins, and Rank [J. Moke. Spectrosc., 
18, 384 (1965)1; Gautier, Fink, Treffers, and Larson \Ap. J. {Letters), 207, L129 (1976)]; Aannestad [Ap. J. Suppl., 25, 
223 (1973)].) Nonthermal excitation mechanisms are still possible; higher resolution observations are necessary to 
clarify the identification of the 7 pm feature. 
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ABSTRACT 

Airborne and ground-based observations show that OH 26.5+0.6 has strong 10 ^1° and weak 
18 silicate al^rptions superposed on an overall energy distribution much like a blackbody. 
The flux level, color temperature, and depth of the 10 pm absorption have varied during 2 years 
of observations. A model of the source as a late-type variable star that has ejected an optically 
thick dust shell is suggested; the mass-loss rate implied is greater than ~ 10** year**. The 
fact that significant flux from the source is observed between 4 and 7 pm is evidence that oxygen- 
rich dust has significant opacity in that wavelength range. 

Subject headings; infrared: sources — stars: circumstellar shells — stars: late-type — 
stars: mass loss 


1. INTRODUCTION 

The source OH 26.5+0.6 was first discovered by 
Andersson et al. (1974) to be a bright 1612 MHz OH 
maser source and was classified by them as a type II 
OH source, (^te independently, OH 26.5+0.6 was 
found to be a bright 10 pm infrar^ source, designated 
as CRL 2205 (Walker and Price 1975). Workers at the 
University of Arizona (Low el al. 1976) obuined an 
accurate position and listed the source as UOA 19, and 
it was one of the sources studied by Evans and 
Beckwith (1977). This paper reports infrared spectro- 
photometric ol^rvations from 2 to 40 ^m of this 
interesting infrared/OH maser source, obtained over 
a 2 year period. The source is variable on time scales 
of months in both flux density and spectral shape. 
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D. OBSERVATIONS 

The observations reported here were obtained 
between 1974 May 3 and 1976 June 25; a variety of 
telescopes and spectrometer systems have been u^. 
The observing log is given in Table 1 and lists the 
observer, wavelength range, and telescope employed. 
The 2-4 pm, 4-8 pm, and 8-13 pm observations were 
all obtained with filter wheel specuophotometers of 
basically the same design (Gillett and Forrest 1973), 
while the 16-40 pm observations were obtained with a 
cooled grating spectrophotometer (Forrest, Houck, 
and Re^ 1976). All the observations were obtained 
with resolution AA/A s 0.01-0.02 except for the 
25-40 pm observations, for which AA/A x 0.08. The 
telescopes used were the UCSD-University of 
Minnesota 1.5 m infrared telescope on Mount 
Lemmon, the 1.3 and 2.1 m telescopes at Kitt Peak 
National Observatory, and the 90 cm telescope of the 
Kuiper Airborne Observatory flying at an altitude of 
12.5 km (41,000 feet). 

The 2-AOpm spectrum of OH 26.5+0.6 obtained 
between 1976 May 21 and 1976 June 25 is shown in 


TABLE 1 
Observinc Loo 


Date Wavelength Range Aperture 

(UT) (#im) Telescope (arcsec) Observer 


1974 May 3 8-13 Mount Lemmon l.S m 22 K. M. M. 

1974 May 21 8-13 Mount Lemmon 1.5 m 22 B. T. S., R. W. R. 

1974 October 2 8-13 KPNO 2.1 m 7 F. C. G. 

1975 March 24 2-4 Mount Lemmon 1 .5 m 17 B. T. S., R. W. R. 

1975 April 28 2-4 Mount Lemmon 1.5 m 17 B. T. S., R. W. R. 

1975 May 1 8-13 KPNO 1.3 m 11 F. C. G. 

1975 May 27 8-13 KPNO 2.1 m 10 J. L. P., B. T. S. 

1976 May 6 2-4 Mount Lemmon 1.5 m 17 B. T. S., R. C. P. 

1976 May 21 16-40 KAO 90 cm 30 J. R. H., W. J. F., J. F. McC. 

1976 May 28 4-8 KAO 90 cm 30 B. T. S.. R. W. R., S. P. W. 

1976 June 20, 24 2-4 Mount Lemmon 1.5 m 17 K. M. M., R. W. R. 

1976 June 25 8-13 Mount Ummon 1.5 m 17 K. M. M., R. W. R. 
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Figure 1. The broad*band 8.4 fim photometry ob- 
tained on 1976 May 28 from the KAO and on 1976 
June 23 from Mount Lemmon indicate that the flux at 
this wavelength agreed to 0.01 mag, so no normaliza- 
tion corrections were applied to the plotted dau. 

The pectrum shows several distinct features super- 
posed on a smooth continuum that, from 2 to 4 ^im, 
approximates a blackbody at a temperature of alwut 
375 K, as shown in Figure 2. The most significant 
deviations from a smooth continuum are a deep 
absorption feature at 10 nm and a weaker feature near 
18 Min : such features are characteristic of silicate 
materials. In position and shape, the 18 Min feature is 
similar to the emission feature seen in the Trapezium 
by Forrest and Soifer (1976) and Forrest, Houck, and 
Reed (1976). The 18 Mm absorption in OH 26.3+0.6 
was first detected by Simon and Dyck (1975). 

There are also some very weak features that appear 
to be absorptions near 2.4 and 3.1 Min, although the 
location of the continuum is uncertain. The upper 
portion of Figure 2 most clearly illustrates the 
presence of these features. The wavelengths of the 
features sug^t identification as gaseous CO and 
HgO absorption, respectively, in a stellar photosphere 
(Merrill and Stein 1976). The feature near 3 Mm is 
unlikely to be the 3.1 Mm ice band absorption, 
because, within the dense region of the circumstellar 
envelope, the grain temperature is almost certainly 
higher than 100 K, at which temperature ice wiU 
rapidly sublime. Interstellar grains apparently cannot 
produce appreciable ice absorption outside the pro- 
tection of dense molecular clouds (Merrill, Russell, 
and Soifer 1976), which are not present here. 

If the 2.4 and 3. 1 Mm depressions are photospheric 
absorptions, the flux removed by these bands is a 
lower limit on the “unabsorbed” photospheric flux at 
these wavelengths. This lower limit at 2.3 Mm, com- 
bined with a 3 a upper limit (obuined 1976 May 13) 
of 1.7 X lO*'* W cm"*Mm"‘ on the 1.63 Mm flux, 
places a lower limit on the reddening between 1.63 and 
2.3 Mm of about 3.8 mag. To derive this limit, it was 
assumed that the temperature of the photosphere is 
2000 K and that there is no photospheric absorption 
at 1.63 Mm. A [1.63 Mm] — [2.3 Mm] color excess of 
3.8 mag corresponds to a visual extinction of about 
70 mag; a similar result is obtained from the 3.1 Mm 
feature. 

The spectra of OH 26.3+0.6 show that the source is 
variable both in amplitude and spectral shape. The 
lower spectrum in Figure 1 was obtained in late April 
and early May of 1975. The upper spectrum was 
obtained in 1976 May when the source was in a 
relatively bright phase; the 8 Mm flux was about a 
factor of 2 higher than in 1973 April-May. During this 
period the 2-4 Mm flux increas^ more than did the 
8 Mm flux, and the 2-4 Mm color temperature increased 
from about 330 to 373 K. Also, when the flux and 
temperature were lower, the depth of the 10 ^m 
silicate feature was greater by roughly 0.4 optical 
depths. This behavior is consistent with a model con- 
sisting of a variable star surrounded by an optically 
thick dust shell, as discussed below. 


The observations that cover the longest time interval 
and best show the variability are those of the 8-13 Mm 
spectrum. Figure 3 shows the 8-13 Mm spectra ob- 
tained over 2 years. The decreasing depth of the 10 Mm 
absorption with increasing flux is readily seen in these 
spectra.* 

m. DISCUSSION 

The major characteristics of OH 26.5+0.6 are the 
presence of a type II OH/IR source, an overall energy 
distribution witUn a factor of 3 of being like that of a 
blackbody, and a deep silicate absorption. These 
characteristics suggest a model of this object as a 
central star surrounded by a localized cloud of gas and 
dust that is optically thick at visual wavelengths and 
is reradiating the stellar luminosity at infrar^ wave- 
lenphs. The type II OH classification and luminosity 
variability suggest that we are observing a star in the 
late stages of stellar evolution that is undergoing large 
mass loss. That OH 26.3+0.6 is in a late stage of 
evolution is consistent with the absence of nearby H n 
regions, large molecular clouds, or young stellar 
objects. 

r) The 10 and 18 nm Absorption Features 

The 10 and 18 Mm absorption bands, which are 
identified with the stretching and bending modes, 
respectively, of silicate minerals, provide useful in- 
formation concerning the environment within the 
opaque circumstellar envelope. These absorptions are 
produced in a cloud of material that is colder than that 
producing the underlying emission. The fact ^t the 
depth of the 10 Mm absorption decreases as the infra^ 
luminosity increases is evidence that the absorbing 
dust is local to the energy source. It is our interpreta- 
tion that the varying luminosity of the central source 
within the cloud modulates the dust temperature, 
causing the apparent change in the 10 Mm absorption 
depth. 

The 18 Mm absorption is much weaker than that at 
10 Mm (Fig. 1), even though the absorptivities of the 
two features are comparable (Forrest, Houck, and 
Reed 1976). The weakness of the 18 Mm f»ture 
probably indicates that the dust that is absorbing at 
10 Mm is warm enough to radiate significantly at 18 Mm 
(Kwan and Scoville 1976). The formulation of Jones 
and Merrill (1976) suggests that the relative apparent 
depths of the features are consistent with the presence 

* Observations obtained 1977 April 21 from Mount 
Lemmon give the following narrow-band flux densities: 

8.00 Mm, 6.0 X 10-“: 10.0 (wn. 7.1 x 10-“; 12.5 Mtn. 2.6 x 
10-“ W cm-* Mtti-*. Obseivations obtained 1977 June 22 
from the KAO have a better signal-to-noiM ratio than those 
presented in Fig. 1 and give the following flux densities: 

16.0 Mm. 1.45x10-“: 18.5 m®. 1.10x10-“; 21.0 m®, 
1.05 X 10-“; 30 Mm. 5.3 x 10-“; 38 Mm, 2.6 x 10-“ W 
cm-’ Mm-*. These flux densities are the brightest yet observed 
for this object and indicate that the period, if any, is longer 
than 3 years. The spectral shape is similar to that shown in 
Fig. 2. but the 9.5 and 18.5 Mm absorptions are the shallow«t 
yet seen. The change in absorption depth is in qualiutive 
agreement with the model suggested in f III. 
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Fto. 2. — Spectrum of OH 26.S t-0.6 obtained in 1976 May-Junc. The solid line represents a 375 K blackbody At to the 2-4 tun data only. The pluses in the 
upper portion of the Agure are the 2-4 data, corrected for an amount ol reddening corresponding to 4r • 105 mag. The thin line represents a Mack body 
At through the corrected 2.0 and 4.0 ftm points. This portion of the Agure is meant only to illustrate the 2.4 and 3.1 /tm features; the amount of reddening was 
chosen arbitrarily. 
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Fig. 3. — Eight to 13 spectra obtained at four different times. The larger apparent depth of the absorption when the source is 
fainter is seen. The dates of the spectra arc I; 1974 May 3 and 21, II: 1974 October 2, 111; 197S May 1 and 27, and IV: 1976 
June 23. 


in the circumstellar envelope of substantial optical 
depth due to dust at T > 160 K (the Wien-law tem- 
perature for an energy distribution having a maximum 
at 18 ^m) and comparatively smaller optical depth due 
to colder dust. 

Because the dust producing the 10 ^m absorption is 
apparently warm enough to emit at 18fim, it is 
physically unrealistic to describe the emergent spectrum 
ft'om the circumstellar dust envelope as an “under- 
lying continuum” suffering absorption from relatively 
cold dust. Although such a description may be useful 
in a qualitative or even semiquantiutive sense, a 
complete radiative-transfer calculation (Jones and 
Merrill 1976; Kwan and Scoville 1976; Finn and 
Simon 1977) is needed. Detailed knowledge of the 
wavelength-dependent dust emissivity is a prerequisite 
for such a calculation. The spectra presented here will 
restrict the range of possible solution' 

Preliminary models, based on the formulation of 
Jones and Merrill (1976), for dust shells with 10 /xm 
optical depths greater than 6 surr;>jnding M-type 
stars produce reasonable agreement with the observed 
spectrum (Jones, private communication). The relative 
10 and 18fim absorption depths, the variation of 
apparent 10 /xm optical depth with luminosity, and the 
weak absorption features near 2.4 and 3.1 ^m can be 
reproduced. The agreement of the model with the 
observations indicates that the picture of an optically 
thick dust envelope surrounding a cool variable star is 
reasonable. 

b) Optical Depth in the Shell 

The amount of extinction through the shell at 
short wavelengths can be estimated from the ratio of 
the observed flux density to that expected from the 
central star alone; that is, 

( 1 ) 


where Q, is the solid angle subtended by the star and 
Ba is the Planck function. T» is the central star tem- 
perature, which is taken to be 2000 K; the result is 
insensitive to the temperature assumed. Equation (I) 
gives only a lower limit on A^, because circumstellar 
dust may contribute to the emission. The solid angle 
subtended by the central star may be estimated from 
the requirement that energy be conserved in the radia- 
tion-transfer process, so 

- Tfax/A. (2) 

w Jo 

It is found that at least 7 mag of extinction are re- 
quired at 2.2 /xm, indicating a visual extinction 
Ar ^ 80 mag. If ^4^ ^ 80 mag, the 10 ftm optical 
depth through the shell is ti,,„ ^ 6 if the dust 
materials are similar to those in the line of sight to 
VI Cyg No. 12 (Gillett et al. 1975). The model cal- 
culations of Jones and Merrill (1976) indicate that an 
optical depth > 6 would indeed be required to 
fit the observed spectrum of this source. 

The very large optical depth inferred here indicates 
that most of the extinction must be local to the source, 
in agreement with the previous discussion of the 10 
and 1 8 /xm absorption features. The extinction appears 
to be large enough to be consistent with the identifica- 
tion of the 2.4 and 3.1 ^m absorption features as 
photospheric features of a late-type star. Finally, the 
large optical depth implies that the mass-loss rate from 
this star must be quite large, as discussed below. 

c) The Mass Loss from OH 26 J +0.6 

The strong radiation pressure exerted on the dust 
grains surrounding a very luminous star will accelerate 
the grains and associated gas and result in mass loss 
from the circumstellar envelope (Gehrz and Woolf 
1971 ; Gilman 1972; Salpeter 1974). The rate at which 
mass is lost can be estimated from the outflow 


A, ^ 2.5 log [a»B,(T,)/F,] , 
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velocity and the observed infrared spectrum. For type 
II OH sources, the velocity of outflow is probably 
one-half the separation of the two emission peaks 
(Elitzur, Goldreich, and Scoville 1976, and references 
therein): that this velocity is found to ^ consunt with 
time (Wilson and Barrett 1972) indicates a steady-state 
mass loss. 

One estimate of the mass-loss rate comes from the 
requirement that linear momentum be conserved in 
the radiation-transfer process (Forrest 1974; Salpeter 
1974). The observed spectrum indicates that stellar 
radiation is absorbed by the dust ^ains and re- 
radiated; this process produces a radial acceleration 
of the circumstellar shell. In order to conserve 
momentum in the shell, mass must be entering the 
shell at a rate given by (Salpeter 1974): 

m K{rJVc)^., (3) 

where V is the observed final veloaty, c the speed of 
light, the stellar luminosity, and r, the effective 
radiation-pressure optical depth through the shell. This 
is part (2) of equation (11) of Salpeter (1974), with a 
factor of 2 correction (Salpeter, private communica- 
tion) and with graviutional force ignored in comparison 
with the force from radiation pressure. A reasonable 
estimate is that 0.4r,g,g, < r, < because the 

optical depth at 2.2 /xm is greater than that at any 
longer wavelength, except for wavelengths within the 
9.7 ^m silicate band. For an observed outflow velocity 
F s 13 km s'* (Andersson et al. 1974), a lower limit 
ra.anni > ^ luminosity s: 10* typical of 

Mira variables (Smak 1966; Lee 1970; Evans and 
Beckwith 1977), the mass-loss rate M ^ 4.5 x 
10** Mq year**. 

A second estimate of the mass-loss rate arises from 
the requirement that tjo.b ^ 6 in silicate dust 
through the circumstellar cloud. For radiation- 
pressure-driven mass loss, with ail the dust condensing 
at a distance RJr, > 1, the approximate mass-loss 
rate will be given by part (1) of equation (11) of 
Salpeter (1974): 

m ^ 2v{rJfK^R^V , (4) 

where is the mass opacity coefficient of the dust and 
/is the fraction of mass in dust. Equation (4) expresses 
the column density in terms of the optical depth and 
mass opacity at a particular wavelength, rather than 
in terms of wavelen^h-averaged quantities as in 
Salpeter (1974). For silicate dust,/ ^ 1/300 for cosmic 
abundances, ~ 3 x 10*cm*g** (Giilett and 

Forrest 1973), and ^ 6. Theory (Jones and 

Merrill 1976) and observation (Zappala et al. 1974) 
indicate that Ro!r» > 3 for stars of this type, which for 
r, « 6.5 X 10** cm— corresponding to if* * 10* 
and r* » 2(XK) K — gives an estimated mass-loss rate 
of 3/ 2: 1.5 X 10*® Af© year**. Within the uncer- 
uinties, this is in agreement with the previous estimate 
of mass loss; both estimates indicate a mass-loss rate 
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for this star more than an order of magnitude larger 
than Gehrz and Woolf (1971) found for typical M- 
type Mira variables with thinner circumstellar shells. 

The mass-loss rates found here are in good agree- 
ment with the models for type II OH/IR stars dis- 
cussed by Goldreich and Scoville (1976) and Elitzur 
et al. In these models the size of the OH maser source 
is /{ % 3 X 10** cm, so the time scale for this phase of 
stellar evolution is at least RjV x 10* years. During 
this phase, OH 26.5-1-0.6 has ejeaed a total of at 
least -2 X 10** A/© in gas and dust into the inter- 
stellar medium; this mass estimate depends primarily 
on the model of mass loss for the source and the 
luminosity estimate, rather than on the details of the 
observations. 


d) The Nature of the Dust 

If OH 26.5 -t- 0.6 is a star in the process of shedding 
mass, then the circumstellar dust is manufactured in 
the shell of ejected material. The presence of silicates 
and OH indicates that the material is oxygen rich; 
presumably this material is typical of oxygen-rich 
material ejected into the interstellar medium. Terres- 
trial silicates have very little opacity shortward of 7 /xm ; 
this fact makes it difficult to fit silicates into the frame- 
work of interstellar dust, because some additional 
source of opacity is needed to provide the known 
opacity of interstellar dust for A < 7 >xm. The spectrum 
of OH 26.5 -fO.6 shows substantial emission at 
X < 7 fim and indeed is within a factor of 3 of a 
blackb^y curve from 4 to 7 /xm. If the emission at 
these wavelengths were from the photosphere, the 
central star would be radiating more energy than is 
observed. Most of the emission must therefore come 
from the dust; this shows that the oxygen-rich material 
produced in OH 26.5-1-0.6 has significant opacity at 
these wavelengths. 

e) Summary 

It appears that OH 26.5-1-0.6 is a late-type variable 
star which is losing mass. The extreme thickness of the 
dust shell implies that the rate of mass loss is greater 
than ~ 10** A/© year**; this rate is one of the largest 
known for such stars. 
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i THE INFRARED SPECTRA OF CRL 618 AND HD 44179 (CRL 915) 

R. W, Russell, B. T. Soifeii, and S. P. Willner 
D epartment of Pbyiict, University of California, San Diego 
Rtctivtd 1977 August 15; aectpttd 1977 August 31 

I ABSTRACT 

Spectrophotometry from 4 to 8 is reported for the infrared sources CRL 618 and HD 44179 
• (CRL 915). In addition, 2-4 (im spectrophotometry of CRL 618 is reported. Except for marginal 

detection of emission lines at 2.1 and 2.45 iim, the spectrum of CRL 618 is featureless, consistent 
with graphite being the major constipjent of the circumstellar dust cloud. Strong emission bands 
at 6.2 /xm and 7.7 nm are /bund in the spectrum of HD 44179. These bands have been observed 
previously in NGC 7027 and M82. No positive identification of these bands is made. 

While both objects probably represent advanced stages of stellar evolution, the substantial 
i differences between CRL 618 and HD 44179 suggest that they are members of different evolu- 

tionary sequences. 

> Subject headings: infrared: sources — infrared: spectra — stars: individual 



I. iNTaooucnoN 

Recent infrared, optical, and radio observations 
(see Zuckerman et al. 1976 for a review) have sug- 
gested that many bright infrared sources are at inter- 
mediate stages of stellar evolution between red giants 
and planetary nebulae. The distinguishing feature of 
these sources is their association with a visible reflec- 
tion nebula. The usual model for such objects con- 
sists of a central evolved star surrounded by a disk 
of gas and dust that often obscures the star from view. 
Scattering of light from an extensive halo of circum- 
stellar material produces the reflection nebula. If 
conect, this model has interesting applications for 
this stage of stellar evolution and for the resulting 
chemical abundances of interstellar matter. We re- 
port here infrared spectroscopy of two of these sources, 
CRL 618 and CRL 915 - HD 44179. Both were 
originally discovered in the AFCRL sky survey 
(Walker and Price 1975) and may belong to the 
evolutionary sequence suggested by Zuckerman et al. 
(1976). 

CRL 618 was observed in detail by Westbrook 
et al. (1976), who found the infrared source to be 
located between two optical nebulosities. The spectra 
of the optical nebulae indicated that they are reflec- 
tion nebulae; the central illuminating star was esti- 
mated (Westbrook et al.) to be of spectral type ~ BO. 
The infrared source was interpreted as a dust cloud 
that obscures the exciting star from direct view. From 
the size of the infrared source and the apparent color 
temperature, Westbrook et al. estimate the 10 /xm 
optical depth to be -0.3; however, the errors in the 
source size allow r > 1. The 8-13 /xm spectrum of 
CRL 618 was found to be featureless and to fit a 


object were reported by Greenstein and Ol e (1977). 
Morphologically, this is extremely similar to CRL 
618--an infrar^ source centrally located in a bi- 
conical reflection nebula. CAZ suggest that the 
spectrum of the nebulosity indicates that the spectral 
type of the central star is B9-A0. However, Green- 
stein and Oke point out that the spectral ty^ is not 
easily evaluated and could range from late B to F. 
The color temperature of the infrared source is 
~500K, and there is no size information on the 
infrared source except that the diameter $ < 4*. The 
appearance in the infrared spectra of several strong 
emission bands, interpreted by CAZ as being due to 
resonance bands in dust particles, suggests that the 
emission is not optically thick. Greenstein and Oke 
report a remarkably strong emission band at 0.658 /xm 
in the spectrum of the reflection nebula. They inter- 
pret this as being due to a strong peak in the reflec- 
tivity of the dust in the nebula. 

The data reported here are spectrophotometric ob- 
servations from 4 to 8 /xm of these two interesting 
infrared sources. Tliese observations were made in 
1976 November using the 0.9 m telescope of the 
Kuiper Airborne Observatory flying at 12.5 km 
altitude. In addition, we report a 2-4 /xm spectrum of 
CRL 618 obtained at the Mount Lemmon Observa- 
tory. 

a. THE OBSERVATIONS 

The 4-8 /xm observations used the filter^wheel sys- 
tem described by Russell and Soifer (1977) with a 
Si: As detector. The spectral resolution was A A/ A s 
0.015, the observing aperture for these observations 
was 28', and the chopper amplitude was -42'. The 
star a Tau, observed as a calibration standard, was 


1 



assumed to have a blackbody spectrum at the tem- 
perature of 3800 K, except that allowance was made 
for CO absorption near 5 /xm determined from broad- 
band measurements (Forrest 1974). 


275 K blackbody comparatively well. 

CRL 915/HD 44179 was investigated in detail by 
Cohen et al. (1975, hereafter CAZ), who named it the 
“ Red Rectangle.” Further optical observations of this 
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The 2-4 /im observations of CRL 618 were ob- 
tained in 1976 March and September with the system 
described by Merrill, Soifer, and Russell (1975). The 
spectral resolution was AA/A s 0.02. A 17* focal 
plane aperture and a 30* chopper amplitude were 
used. 

a) CRL 618 

The 2-13 Min spectrum of CRL 618 it shown in 
Figure 1. The spectrum of CRL 618 is remarkably 
featureless, following quite closely the 275 K. black- 
body cu*ve estimated by Westbrook et al. (1975) 
from their spectral and broad-band observations. 
There is an excess over the blackbody emission at 
shorter wavelengths, suggesting that a range of tem- 
peratures is present. 


The only spe^ral features of apparent significance 
are possible emission lines at 2.12 and 2.45 Mm. Both 
lines appear as roughly 3 o deviations from the con- 
tinuum and cannot be claimed to be positive detec- 
tions. Further observations to confirm these lines are 
essential. If these are real lines, the best identifications 
are with vibration-rotation lines of Hj that have been 
previously detected in the BN source (Gautier ei al. 
1976) and NGC7027 (Treffersela/. 197^. A molecular 
cloud is known to be associated with tUs source (Lo 
and Bechis 1976). No discussion of Ha is warranted, 
pending confirmation of its detection. 

b) HD 44179 

The 2-13 Mm spectrum of HD 44179 is shown in 
Figure 2. The 8-13 Mm data are taken from CAZ and 



Fig. 1. — The 2-13 M<n spectrum of CRL 618. The 2-4 data were obtained from Mount Lemmon and the 4-8 ^m data 
from the KAO. Data from 8-13 Mm wei-e taken from Westbrook tt al. (197S), who used a 22' aperture for their observations. 
Statistical uncertainties (2 8%) are plotted in the figure. 
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Fio. 2.— The 2-13 spectrum of HD 44179 (CRL 913). The 4-8 inn dau were smooth^ by averagins adjacent pointa— a 
typical statistical error it shown on the lint data point. The shape of the 2-4 >»m data, obtained with a 17' ap^ure, was taken 
from Russell, Soifer, and Merrill {\97Tt, and the level was normalized to the 2.28 /tm broad-band flux level measured from the 
KAO. The ~207, tower level of the airborne dau compared with the ground-based dau may have been due to the presence of 
a faint star in one reference beam during the airborne observations. The 8-13 Mm data, obtained with a 22* aperture, were taken 
from Cohen er al. (1973). with no adjustment of the level. 


the 2-4 /sin spectrum is taken from Russell, Soifer, 
and Merrill (1977). The 4-8 /im portion of the sp«- 
trum shows a very strong continuum and two emis- 
sion features that are well above the continuum at 
6.2 and 7.7 /sm. Both of these bands have been ob- 
served in the 4-8 /sm spectra of NGC 7027 (Russell, 
Soifer, and Willner 1977) and M82 (Willner et al. 
1977). The origin of these bands is discussed below. 

The strong continuum emission of HD 44179 is 
most easily interpreted as thermal emission by circum- 
stellar dust (CAZ). This emission is broader than 
that from a single temperature blackbody and suggests 
a significant range of temperatures in the dust cloud. 
The fact that this range of temperatures is detectable 
requires either that the dust cloud be optically thin 
throughout the infrared, or that an optically thick 
disk be viewed nearly face-on. CAZ interpret the 
polarization observations as requiring that the dust 
disk be viewed nearly edge-on, which seems to rule 
out the optically thick cloud. Further support for the 
optically thin estimate comes from the appearance of 
the spectral features. The line-to-continuum ratio for 
these bands is much less in HD 44179 than in M82 
or NGC 7027, and yet the shapes are so similar as to 
be indistinguishable at our resolution. This is most 
easily understood if the emission in HD 44179 is 
optically thin. 

The angular size of the cloud can be estimated from 
the assumption that the brightness temperature is no 
higher than the color temperature Tc s 500 fC. This 
requires that the angular diameter be greater than 
0.1'. The diameter of the cloud should be larger than 


this, because the geometry is highly nonspherical and 
the cloud appears to be optically thin. Indeed, the size 
of the infrared source should be extremely wavelength- 
dependent, because the heat source is the central star. 
Angular size measurements of HD 44179 at 2 /im and 
10 /tm with spatial resolution less than 1' would be 
extremely valuable in determining the characteristics 
of the dust cloud. 

lU. DISCUSSION 
a) Spectral Features 

The spectral features found in HD 44179 at 6.2 
and 7.7 /im have previously been found in the spectra 
of NGC 7027 and M82. These bands, along with 
those at 3.3, 8.7, and 11.3/im are common to all 
three objects. Many other sources, such as CRL 437 
(KJeinmann et al. 1977), NGC 253 (Gillett et al. 
1975), and CRL 3053 (Gillett. Joyce, and MerriU 
1978), have been found to possess the 3.3 pm, 8.7 pm, 
and 11.3 /im bands and a spectrum sharply rising to 
short wavelengths at 8 pm, suggestive of the peak at 
7.7 pm. It is therefore likely that the 6.2 pm and 
7.7 pm bands are common to these objects as well. 

Russell, Soifer, and Willner (1977) and Willner 
et al. (1977) have suggested that the wide range of 
temperature, density, and excitation conditions under 
which these bands are observed argue for resonances 
of some sort in the dust that is present in these ob- 
jects. The hypothesis of solid-state bands has the 
drawback that the materials that produce the bands are 
unknown. Gillett, Forrest, and Merrill (1973) sug- 
gested that the 1 1 .3 pm band is produced by thermal 
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emission from small carbonate dust grains. This 
identiScation predicts a much stronger band centered 
at about 7.0 >xm. From the relative strengths of the 
7.0 ^m and 1 1 .3 nm bands in laboratory carbonates 
and the upper limit of 2 x 10*** W cm’* /im"* on 
any 7 fim feature in HD 44179, the upper limit on the 
temperature for such grains would be Tcarbcat.. < 
200 K, a result that seems to be in substantial disagree- 
ment with the color temperature of this source. Al- 
though the observed 7.7 /im band has the correct 
strength to be the predict^ carbonate 7.0 fim band, 
the substantially longer wavelength is extremely diffi- 
cult to reconcile with this identification. 

The 6.2 ^m band could be the sought-after shorter 
wavelength resonance of carbonate grains, produced 
by a population of extremely oblate grains (GUra 1 977 ; 
Huffman 1977). Such a uniform population of purely 
oblate grains in the wide variety of astrophysical 
environments represented by HD 44179, NGC 7027, 
and M82 is very difficult to understand. We therefore 
regard the previous identification of the 11 .3 /xm 
feature with carbonate grains as unconfirmed. 

Nitrates have a strong band, with a shape similar 
to that of the carbonate 7.0 ^m band, centered at 
about 7.5 fxm. Nitrates also have a strong, narrow 
band at 1 1 .95 /xm. There is little or no evidence for 
such a feature in the lOfxtn spectrum of HD 44179, 
and no evidence for such a band in NGC 7027. We 
therefore regard the identification of the 7.7 /xm 
feature with nitrates as unlikely. 

The 6.2 /xm feature is another strong, partially 
resolved band that appears in the spectrum of HD 
44179, NGC 7027, and M82. The agreement in wave- 
length of this feature among the three sources is 
better than 1%. The variety of physical conditions 
under which it is found argues fbr a solid-state 
resonance. There is wavelength agreement with a 
narrow water-of-hydration band (Hunt, Wisherd, and 
Bonham 1950; Nyquist and Kagel 1971); however, 
we regard this as an unlikely identification because 
thermal dust temperatures in HD 44179 are high 
enough that hydrated material should not exist. The 

6.2 fim feature must therefore join the other bands 
heretofore discussed as being currently unidentified. 

There are now five infrared bands at 3.3 fxm, 

6.2 /xm, 7.7 /xm, 8.7 /xm, and 1 1 .3 /xm that appear in 
emission in a variety of celestial sources, but are not 
identified with bands of terrestrial minerals. In addi- 
tion, the strong band at 0.658 /xm in HD 44179 
(CAZ; Greenstein and Oke 1977) is probably associ- 
ated with the dust and further complicates the under- 
standing of the material. Current work in our labora- 
tory (Russell 1978) indicates that the emissivities of 
small particles are reasonably represented by previous 
laboratory data on larger particles. Thus particle size 
effects alone appear not to be responsible for the 
lack of identification to date. 

The infrared bands seem to appear together in 
sources where an ultraviolet radiation field is present. 
Tests of fluorescence emission, suggested by Gillett 
(1977) as a possible explanation of some of these 
band'*, are under way and may permit a more positive 
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statement about whether this effect can produce 
bands at the observed wavelengths. 

Knacke (1977) and Field (1977) have suggested 
that these bands might be product in carbon-rich 
materials; in particular, carbonaceous chondrites 
seem to have infrared bands near 3.3 and 11.3/xm 
(Knacke 1977). However, the presence of these bands 
as dominant emission bands in apparently oxygen- 
rich regions such as M82 (Willner et al. 1977) and 
Orion (Gillett, Joyce, and Merrill 1978) makes tffis 
suggestion difficult to understand. Moreover, the 
4-14 /xm data of Knacke (1977) show additional fea- 
tures not seen in Figure 2, in the spectra of the oxygen- 
rich regions mentioned above, or indeed in the spec- 
trum of any celestial object showing the five emission 
bands discussed earlier. 

b) The Evolutionary Stale of 
CRL 618 and HD 44179 

Westbrook et al. (1975) presented convincing evi- 
dence for the post-main-sequence evolutionary stage 
of CRL 618. The high galactic latitude (12°) and lack 
of evidence of associated young stellar objects strongly 
suggest that HD 44179 also is in a post-main-sequence 
state (Zuckerman et al. 1976). l^le this seems to 
be a reasonably secure conclusion, the placement of 
CRL 618 and HD 44179 into an evolutionary sequence 
is far more difficult. 

CRL 618 is probably near the end point of the 
carbon-rich sequence of stellar evolution into planetary 
nebulae. The lack of spectral features in the thermal 
emission argues for gr.iphite’s being the dominant 
dust component in the drcumstellar shell. The con- 
tinuous spectrum is common in post-main-sequence 
carbon-rich objects such as IRC + 10216, CRL 2688, 
etc. The end point of this evolutionary sequence could 
be represented by a planetary nebula, such as IC 418, 
that has evidence for SiC emission from 10 to 12 /xm 
(Willner et al. 1978) and lacks the strong unidentified 
bands found in HD 44179 (except possibly for the 

3.3 /xm band [Russell, Soifer, and Merrill 1977p. 

HD 44179 is difficult to fit into an evolutionary se- 
quence that includes CRL 618. The later spectral type 
of the star and higher infrared color temperature im- 
ply that HD 44179 is less evolved than CRL 618, 
but the infrared spectral features present in HD 44179 
suggest that the dust cloud is optically thin and there- 
fore at a later evolutionary stage than CRL 618, if 
the compositions are the same. Alternatively, the 
distinct differences in the infrared spectra of CRL 618 
and HD 44179 could suggest real compositional dif- 
ferences in the circumstellar shells. The ratio of ^*CO 
antenna temperature (Lo and Bechis 1976) to infrared 
flux is substantially less for HD 44179 compared with 
CRL 618, again suggesting a compositional difference 
(Zuckerman et al. 1977). 

Since the infrared sp^nra of HD 44179 and NGC 
7027 are so similar, we would expect that these ob- 
jects have similar dust compositions, and they might 
therefore be part of an evolutionary sequence distinct 
from the carbon-rich sequence. Whether this is the 
case, or whether we are seeing different forms of 
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carbon-rich mater. al in these two different objects, 
will ultimately be decided with the identification of 
the many strong infrared bands in the spectra of 
objects such as HD 44179. 
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ABSTRACT 

Sj>ectrophotoinetr>’ of HM Sge from 2 to 13 mid is presented along with 2 to 4 mid spectro* 
photometry of V'1016 Cyg. From 2.5 to 8 Mm, the spectrum of HM Sge can be represent^ by a 
950 K blackbody, and a strong silicate emission feature is seen from 8 to 13 mid. Both HM Sge and 
V1016 Cyg show evidence for CO absorption at 2.3 Mm. It is suggested that the infrared radiation 
from these objects arises from a combination of emission by optically thin dust and by the reddened 
photosphere of a cool star. 

Subject headings: infrared: spectra — stars: circumsteilar shells 


1. INTIODUCTTON 

The object known as HM Sge wu originally re- 
ported by Dokuchaeva (1976) to have undergone a 
remarkable brightening from F ~ 16 mag to F ~ 12 
mag in less ^an 6 months. Optical spectroscopy 
(Stover and Sivertsen 1977) of this object revealed its 
remarkable emission-line nature and pointed out its 
spectroscopic similarity to planetary nebulae. Davidson, 
Humphreys, and Merrill (1978, hereafter DHM), Ciatti, 
Mammano, and Vittone (1977), and Wallerstein (1978) 
obtained further optical spectroscopy of HM Sge, as 
well as photometric observations from 0.3 to % Mm 
(DHM). The analN-sis of DHM and Ciatti et al. showed 
that the emission lines were produced in a region of 
moderately high (i«,~ 10*- 10*) density at a relatively 
high e.xcitation level. DHM also found that HM Sge 
was a very strong infrared source, consisting of a 
~1000 K blackbody spectrum isith a lOMm emission 
band superposed. They suggested that the infrared 
spectrum and photometric nistory of HM Sge are 
similar to those of the s.vmbiotic star V1016 Cyg. The 
optical spectrum of HM Sge is also similar to that of 
V'1016 Cyg (Ciatti, Mammano, and V’ittone 1977; 
FitzGerald and Pilavaki 1974). In this Letter we report 
observations of the 2-13 Mm spectrum of HM Sge and 
the 2-4 Mm spectrum of V1016 Cyg. These data also 
suggest a symbiotic nature for these stars. 

n. OBSESVAnONS 

All of the observations reported here were obtained 
with circular variable filter spectrometers. In all cases 
the spectral resolution was AX/X 0.015-0.02. The 
2-4 Min roectra were obtained with the UCSD-Uni- 
versity of Minnesota 1.5 m telescope at Mount Lemmon 
and a beam size of 17". The spectrum of HM Sge was 
obtained on 1977 September 30 and that of V1016 Cyg 
on 1975 May 2. The 4-8 Mm spectrum of HM Sge was 
obtained by using the 0.9 m telescope on board the 
Kuiper Airborne Observatory on a flight on 1977 July 2. 
Except for the use of a PbSnTe photovoltaic detector. 


the system was as described by Russell, Soifer, and 
Willner (1977). The beam size was 28". The 8-14 Mm 
spectrum was obtained on 1977 October 1 at Mount 
Lemmon anth a 17' beam size. There is no evidence that 
either star is extended on the scale of the beam sizes 
used. 

The 2-13 Mm spectrum of HM Sge is shown in Figure 
1. The 4-8 Mm spectrum was normalized bv adjusting 
the 8.4 Mm broad-band data obtained on die K.^0 to 
the same level as obtained at Mount Lemmon. This 
required a 20% increase in the 4-8 mid fluxes. The 
spectrum is continuous, showing no evidence for atomic 
line emission and none of the unidentified spectral 
features seen in NGC 7027 (Russell, Soifer, and Willner 
1977). The 10 Mm emission band (DHM) has the same 
shape as the silicate emission feature seen in the spectra 
of many late-tx^e stars (Forrest, Gillett, and Stein 
1975). Possible absorption features are seen near 2.3, 
3.1, and 4.7 Mm. Figure 1 also shows the 2-4 mid 
spectrum of V1016 Cyg. The only significant feature is 
a weak absorption near 2.3 mid. 

The data on HM Sge are well fitted from 2.5 to 8 Mm 
by a blackbody at a temperature Te "> 950 K, «dth an 
excess at shorter wavelengths. The photosphere of the 
star seen in visible light cannot contribute significantly 
to this spectrum because the observed flux density is 
much greater than an extrapolation of the level at- 
tributed to the stellar continuum by DHM. Also, the 
inferred visual extinction would be Ak ^ 11 mag if 
r, > 2500 K, much greater than the Eb-v » 0.8 
suggMted by DHM. 

For X > 7.8 mid there is a clear excess over the best- 
fit blackbody spectrum. The observed flux at the peak 
(9.5 mid) is a factor of ~4 greater than expected from 
the blatibody sp>ectrum, in agreement with the mea- 
surement of DHM. The shape of the excew suggests that 
the emission is due to silicate dust that is not optically 
thick. The peak flux occurs at a slightly shorter wave- 
length than that seen in the spectra of most late-tx-pe 
stars or the Orion Trapezium (Forrest, Gillett, and 
Stein 1975). The difference is consistent with the dust 
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Fig. 1. — ^The 2 to 13 nm fpectnim of HM Sn and the 2 to 4 mri ipectrum of V1016 Cy|. The squares represent broad-band measure- 
ments at 1 .65 Mm. The solid line represents a 950 K blackbody. Error bars are shown for points wbow statistical uncertainties exceed 5%. 


particles having a temperature higher than the sources 
observed by Forrest et al. 

in. DISCUSSION 

It has been proposed (e.g., Stover and Sivertsen 
1977; Kwok, Purton, and FitzGerald 1978) that HM 
Sge and V’1016 Cyg are single stars in the process of 
booming planetary nebuUe. The infrared emission 
would then arise from dust surrounding the hot star 
whose presence is inferred from the optical forbidden 
lines and continuum. It has also been suggested that 
HM Sge (DHM), like VT016 Cyg (Harvey 1974), is a 
symbiotic binary containing a Ute-u-pe star that is 
losing mass. The infrared data appear inconsistent 
with the model of HM Sge as a single hot star, for the 
following reasons. 

Dust emission alone is probably not sufficient to ac- 
count for the entire infrared energ>- distribution of 
HM Sge. If the infrared emission arises solely from 
heated dust having an emissivity which Is proportional 
to a negative power of the wavelength, either the wTong 
slope is obtained between 4 and 8 tan, or the observed 
flux is significantly above the predicted value for wave- 
lengths shorter than 3.5 urn. Dust with a gray emis- 
sivity would not explain the 1.65 to 2.5 Mm emission 
(see Fig. 1) unless T< > lOOOK. at which temperature 
the grains are in danger of evaporating. An optically 
thick (t > 1 at all wavelengths) dust shell is ruled out 


by the strength of the silicate emission (Jones and 
Merrill 1976) and by the estimate of the visual redden- 
ing of Eb-v - 0.8 (!dHM). 

The depression of the spectrum near 2.3 Mm and pos- 
sible depressions near 3.1 and 4.8 Mm provide direct 
evidence for the presence of a late-type star. These 
features are attributed to photospheric absorption by 
CO (2.3 and 4.8 mid) and H«0 (3.1 mid)- The 2.3 mid 
feature is also seen in the spectrum of V1016 Cyg. 
These features would not be expected to occur in a dust 
shell surrounding a hot star, such as is required to 
produce the optical spectrum. 

The infrared flux of V1016 Cyg varies regularly witli 
a period near 450 da>-s; this behavior was also cited as 
evidence that the major portion of the infrared lumi- 
nosity arises from an M star (Harvey 1974). Our 
observations, in combination with those of DHM, 
suggest that HM Sge may also be variable at infrared 
wavelengths. Table 1 indicates the broad-band pho- 
tometr>' reported by DHM and our data. The strongest 
evidence for a slight 15%-20% variation is the com- 
parison of the 1977 June 9 and October 1 data which 
were obtained with the same system and by using the 
same calibration source. Long-term monitoring of HM 
Sge is desirable to determine whether the variations are 
periodic. 

A model of HM Sge as a binary containing a dust- 
embedded cool star as well as the optically observed 


TABLE 1 

BaoAi>-BANi> Mackttuoes or HM Sacittaz 


77/6/9 77/7/1 

(DHM) (RAO) 77/10/1 


2.3 Mm -|-3.83±0 03typ. ... -(-3.61 ±0.05 

3.5 Mm +1.94 ... +1.74 

4.9Mm +1.00 ... +0 85 

8.4 Mm -0.65 -0.53±0.1 -0.73 

11.2 Mm -1.59 ... -1.74 
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hot sur it consistent with the infrared observations. 
In such a model, the infrared flux is due to a combina- 
tion of dust emiuion and emission from the reddened 
photosphere of the cool star. The model of Jones and 
Merrill (1976) having r(10 *im) - 1, a ■ 2 qualita- 
tively flu the obterv^ data; the fit would be greatly 
improved if they had assum^ a higher emissivity for 
“dirty silicates” near 2 ^m. In this model, much of the 
flux from 1 to 3 Mm comes from the photosphere of the 
late-tv^e star. If the infrared luminosity of HM Sge is 
10* Lq, t>-pical of late-t>-pe variable stars (Smak 1966), 
the o^rved flux of 10"’ ergs s“* cm“* (DHM) implies a 
distance of the order of 2 kpc. 

Mass loss from the cool star could provide some of 
the material that is ionized by the hot star. A constant 
mass-loss rate of 10"* Af© >t"* at a velocity of 20 km s"' 
(Wallerstein 1978) implies a density of 10* cm“* at a 
radius from the cool star of 10‘* cm, the suggested size 
of the ionized region in HM Sge (DHM). The density 
would rapidly increase nearer the cool star, giving rise 
to the density gradient implied by the radio observa- 
tions (Feldman et al. 1977). The infrared and radio 
observations alone thus do not appear to require that 
any material have been ejected from the hot star. The 
obUrvations of the widths of the emission lines in 
HM Sge (Wallerstein 1978) and the blueshifted com- 
ponent of the optical emission lines in \'1016 Cyg 
(FitzGerald and Pilavaki 1974) probably imply mass 
loss from the hot star, but such mass loss is required to 
contribute only a small fraction of the total amount of 
material surrounding the two stars. 

In contrast to the strong optical forbidden emission- 
line spectrum, the infrared spectrum of HM Sge shows 
no evidence for any atomic fine-structure lines as ob- 
served in planetary nebulae and H n regions. Table 2 
indicates upp>er limits to lines that might be expected. 
Also given in Table 2 are the electron densities at 
which each line is significantly decreased m strength 
relative to the free-free continuum due to collisional 
de-e.xcitation. For the range of densities discussed for 
HM Sge, i.e., n, * 10*-10* cm"* (DHM; Ciatti el al.), 
the nondetection of these lines is consistent with cosmic 
abundances of these elements. 

One of the unique features of HM Sge and V1016 


TABLE 2 

Uffex Lrurrs on FoaaioozN Linzs in HM Sacittaz 


Flux 

(ergi n, (crit)* 

Ion X cra"*t"') (cm"*) 


Ar* 6 98 <t(r‘* 2.2X10* 

Af^ 8.99 <6X10-“ 5.0X10* 

S*** 10.52 <6X10-“ 3.9X10* 

Ne* 12.81 <6X10-" 7.6X10* 


• At r. - 20,000 K. 

Cygni is their sudden increase in optical brightness and 
the fact that they have managed to stay bright ever 
since. Because the infrared flux appears to arise pri- 
marily from a cool companion to the hot ionizing star, 
our observations do not address this intriguing question. 

IV. CONCtrSION'S 

The infrared spectrum of HM Sge appears to arise 
from a combination of emission from heated dust and 
from a reddened, cool stellar photosphere. Evidence 
for the presence of a cool sur comes from the shape of 
the continuum, the presence of features at 2.3 and pos- 
sibly 3.1 and 4.8 Mm, and the possible infrared vari- 
ability. HM Sge is remarkably similar to the symbiotic 
variable V1016 Cyg. Both sUrs should be monitored to 
determine the nature of future changes. 
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INTRODUCTION 

Over the last 10 years infrared astronomy from 2 /rm to 1000 fan has 
blossomed into a major field of observational astrophysics. This develop- 
ment would have been impossible without two major technical advances. 

First, extremely sensitive detectors have been developed and become avail- 
able for astronomical applications. As detector sensitivity increased, the 
new astrophysical problems that could be explored as a consequence 
spurred on concomitant instrument sophistication. Secondly, and also 
motivated by the first development, major groups have expended much 
effort in building and operating telescopes above most or all of the earth’s 
atmosphere, in order to circumvent its opacity and emission throughout 
the range. As wavelengths longer than 30 fan became available to 
observers, it became clear (cf the review article by Neugebauer, Becklin 
& Hyland 1971) that many sources are unexpectedly bright in that pre- 
viously inaccessible wavelength region. This also provided impetus to im- 
prove the selection of available irtstrumentation. 

Many excellent papers describe specific aspects of infrared instrumenta- 
tion in substantially more detail than is possible here. We name only a 
few; for example. Low & Rieke (1974) have given an excellent description 
of the techniques and equipment de-elopment of infrared photometry. 

' Prewnt Addreu; Depanmeni of Pbytkt, Califoraia Institute of Technofogy, Pasadena, 
Caltfornia 91 125. 
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Gilletl, Dereniak & Joyce (1977) have given a comprehensive review of the 
current sute of infrared detector development. Other detailed discussions 
of infrared astronomical instrumentation appear in the same volume as 
Gillett ct al. In addition, several conferences have been devoted solely or 
purUy to infrared instrumenution (c.g. Manno & Ring 1971, Rowan- 
Robinson 1976, Swift, Witleborn & Shipley 1974). 

This review is an overview of the variety of the very sensitive in- 
strumentation now or soon to be available to the infrared observer. We 
make no attempt to be comprehensive, and have, in fact, left out descrip- 
tions of the (now) more conventional insuuments. Because efforts have 
been made in contemporary instrument development to minimize the 
effects of thermal backgrounds on observations, present instruments are 
generally limited in sensitivity by such fundamental factors as tele- 
scope/atmospheric emission and the solid angle of an observation. Of 
course each instrument has trade-offs as compared with a competing in- 
strument, and we have attempted to provide enough detail (or appropriate 
references) to make these trade-offs apparent. Because the choice of the 
observing platform and the detectors plays as important a role as docs the 
choice of instrument, we have preferred to describe each of the above 
categories under the broad heading of infrared astronomical 
instrumentation. 

INFRARED DETECTORS 

The major impetus to the advancement of infrared astronomy has been 
the tremendous improvement in detectors at infrared wavelengths. Much 
of this improvement can be attributed either directly or indirectly to the 
large research effort in infrared technology sponsored by the US Depart- 
ment of Defense. As newly developed high-performance infrared de- 
tectors have become commercially available, they have been incorporated 
into astronomical instruments, usually with vast improvements in instru- 
menul sensitivity. Additionally, the existence of excellent detectors has 
made possible the design of new instrumentation to fully utilize capabilities 
of these detectors. Our discussion closely follows the excellent review of 
detectors for infrared asuonomy by Gillett et al. (1977). We have omitted 
from this discussion CCD and CID arrays, which are still experimental, 
and upconversion techniques, which have been reviewed by Boyd (1977). 

A perfect dei<xtor that yields a single unit of charge flow per incident 
photon will require an incident power 

“ (2 j u) 
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(where Pb is the total radiation power assumed to be bfackbody emission 
at a temperature T on the detector, which is assumed to be at wave- 
length i equal to the measuring wavelength) to produce a signal voltage 
equal to the rms noise voltage of the detector in an electrical bandwidth 
A/ (Keys & Quist 1970). This relation simply reflects the statistical 
fluctuations in the background power Pb- 
The most common figure of merit for astronomical applications, the 
Noise Equivalent Power (NEP) is the amount of incident signal power 
that will produce an rms voltage (or current) response equal to the rms 
noise (the NEP is normally calculated from Equation I by setting Af * 

I Hz). Of course, in the limit Pb~*Q the detector/preamplifier will have 
some other noise source dominating, and this will determine the ultimate 
performance of a particular infrared detector. For an otherwise perfect 
detector of quantum etheienty iK < I) the NEP becomes 

^(l-e-*"“')'« (2) 

For photovoluic or bolometer detectors the consunt i4 is I, and for 
photoconductors A 2 (Keys & Quist 1970). 

For conditions common to astronomical observations, photons from 
the celestial source can be neglected in comparison with local sources 
(telescope, atmosphere, etc) of thermal background radiation. In this case 
P, can be estimated for the observing system and is equal to 
cBi(T)AAtACl^„ where Bi(T) is the Planck function (appropriate to the 
telescope environment), e is the emissivity of the telescope environment, 
AJ is the optical bandwidth of photons incident on the detector defined 
by the cold (nonemissive) filtering, I is the net transmission of the cold 
filter, and is the throughput of the observation. If we take 

A(l cm^ sr (for diffraction limited observations), the ultimate per- 
formance of an infrared detector becomes (from Equation 2) 

NEP = /lj^8£Bi(T)AiU2 _e*wi*rji/i^ (3) 

- 1.2 X 10- W Hz- •'», (4) 

where 2 is given in microns, B^{T) is in W cm~^ sr- ' /im" ', and R ” 
2/A2 is the spectral resolving power (or optical band width) of the instru- 
ment. 

For ground-based photometric observations the quantity cr/ijR 0.1, 
while the same quantity is :$I0-* for a typical ground-based spectro- 
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scopic obiiervation. The performance of a photovoltaic or bolometer de- 
tector under thew conditions is plotted in Figure I (curves I and 2). 

Conventional germanium bolometers were first developed for astro- 
nomical observations by Low (l%l). An excellent review of these 
detectors is given in Low & Rkke (1974). The best reported NEP of such 
a detector is -o? x I0~** W Hz"*'*. From Figure I it can be seen that 
such detectors (curve 3) are ideally suited for photometric measure- 
ments throughout the region of strong thermal emission produced by the 
surrounding environtnent. It is also clear that once the bandwidth of the 
observation is decreased to a resolving power of 100, or where ther- 
mal emission is not strong, such bolometers do not take full advantage 
of the lower thermal background. 

It is under the conditions of low thermal backgrounds that the newly 
developed photoconductors and photovoltaic detectors can be used to 
maximum advantage. InSb is an intrinsic photovoltaic detector with a 
band gap of 0.23 eV at 77 K, corresponding to a long-wavelength re- 
sponse limit of -^S.S poL This detector is now the most widely used 



Figure I The Noise Equivaknl Power planed vs wsvciengih for infrared dcleclors. 
Curve I indicalcs the perforiiuncc cspccied in a good ground-based pboiunieiric system 
using a diffraclion-limiied observing aperture. Curve 2 indicates the expected performance 
in a good ground-based spectroscopic system of low spectral resolution (i/Ai lOOt 
Curve ) shows the NEP of the best conventional bolometer. Curves 4 ami S show the 
et|uivaleni NEP of InSb detectors having unpedances of 10'* ohms and 10" ohms (the 
NEP is lunited here by the detector unpedamx). 
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infrared detector in the 1-S.S pm bund. These detectors have high 
quantum etiicicncks (i} > 0.6 arc common) and are limited in ultinaale 
sensitivity by the “Johnson noise” of the zero-bias resistance of the 
detector. Typical diodes have resistances at 77 K of 10* Q for element 
sizes common for astronomical application (~l/2-l mm). Further in- 
crease in detector impedance is achieved by further cooling these de- 
tectors and by using a h:chnique (called “flashing”), discovered by K. 
Matthews, of shining near-infrared light onto a diode for min. 
Although the physics of this process is not completely understood, it is 
commonly used to significantly improve the performance of these de- 
tectors. Increases of detector impedance by factors greater than 10* have 
been reported by cooling the diode to 'oSSK and “flashing” the 
detector. The theoretical NEP as a function of wavelength for a photo- 
voltaic detector of impedance R (limited by the Johnson noise) is given by 

NEP = (9x IO-“)7*'*i|''/r‘'*2'‘ WHz’"* 

(with R in ohms, i in microns, and T in K). For InSb, this is plotted in 
Figure I for two values of achieved detector impedance at 60 K (curves 
4, S). Further increase in detector impedance is possible by cooling the 
detector further; however, the quantum efficiency of these detectors 
decreases at longer wavelengths as the detector is cooled (F. Gdlett and 
R. Joyce, private communication). For InSb detectors, the product of the 
detector area times the resistance is a constant, so increases in detector 
impedance at a given temperature are possible by decreasing the detector 
area. (Detector sizes as small as 0. 1 mm are readily achieved. At the present 
time the ultimate performance of InSb detectors appears to be limited 
more by the technical dilficulties of building low-noise preamplifiers than 
by the detectors themselves. 

In the classical “thermal infrared” spectral region of S-30 /un extrinsic 
silicon phoioconductive detectors have become the most commonly used 
detectors under low-background conditions. Arsenic-doped silicon, with a 
quantum efficiency of 0.3-0.S (Gillett et al. 1977) and an excellent response 
over (he 5-24-/im band, is most commonly used for ground-based 
O O astronomy applications. Other extrinsic silicon detectors such as Si : Sb 

^ ^ extend the performance of this class of detectors to 30 /im. These de- 

O ^ tectors must be operated at T < 10 K. Under virtually all background 
O conditions encountered from ground-based astronomy, these detectors 
remain background limited. Indeed, even under the low-background con- 
^ 2 ditions expected for the Infrared Astronomical Satellite (IRAS) (van 
> a Duinen 1976) these detectors have been shown to remain background 
^ limited. Ternary compounds such as HgCdTe and PbSnTe have been 
00 developed as intrinsic photoconductors and photodiodes and have been 
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made to operate at wavelengths > 14 /im (Moss 1976). Little astronomical 
work has been done with such detectors; however, the work that has been 
done with PbSnTe (Russell et al. 1978) has shown that this detector sur- 
passes Si: As. The higher quantum efhciency achievable (ij i£0.5) and 
photovoltaic mode of operation give this detector great potential for 
future applications. 

At wavelengths greater than 30 /«n detectors are not as sensitive as they 
are at wavelengths less than 30 /an. Many approaches are being used to 
improve these detectors. Astronomical observations at these wavelengths 
are primarily conducted from aircraft, balloons, and space platlorms, 
where the potential reduction in photon background makes the best con- 
ventional bolometers detector noise limited even for photometric observa- 
tions. In addition, conventional bolometers rapidly lose absorption 
efficiency for wavelengths >100 /im, and so suffer further degradation of 
performance. Even so, until recently these have been the best available 
long wavelength detectors and have been commonly used in aircraft and 
balloon-borne experiments. 

One approach to improving bolometers is to decrease the limiting 
NEP of the detector by decreasing the operating temperature. For bolo- 
meters, the limiting NEP is proportional to 7* where a lies between 3/2 
and 5/2, depending on temperature (Gillett el al. 1977). Bolometers that 
use *He as a coolant operate at 1.5 K; however, *He provides an 
alternative heat bath al temperatures as low as 0.3 K. Several groups 
(Nishioka et al. 1977, Nolt et al. 1974) have used such systems to improve 
bolometer performance. P. Richards (private communication) reporU a 
measured improvement of a factor of 10 for a bolometer operated at 
0.3 K. over operation at 1.2 K. 

Another technique that has been used effectively and can be coupled to 
other techniques is the use of light concentrators or heat traps (Harper 
et al. 1976). This is a light pipe that has an effective focal ratio of//0.5. 
Use of this device instead of a Fabry lens allows a smaller (hence more 
sensitive) bolometer to be used in a particular application. 

For wavelengths longer than 100 /im, the loss of absorption efficiency 
of conventional bolometers has led several groups to develop a “com- 
posite” bolometer, where the energy absorption and temperature- 
measuring functionsare separated. This approach improves the absorption 
efficiency while minimizing the heat capacity (and hence the NEP) of the 
detector. Different groups have attempted various approaches to optimiz- 
ing the absorber, thermometer combination (Nishioka et al. 1977, Hauser 
& Nourys 1975, Coron et al. 1971, Clarke et al. 1975). For composite 
bolometers, the best electrical NEP quoted at 1 .2 K for a 4 x 4 mm bolo- 
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meter is 1.7 x 10 '* W Hz"*'* (Nishioka et at), while al 0.3 K the best 
quoted NEP is 6 x 10"'* W Hz"*'* (Nishioka et al.). 

Photoconductors have not been developed extensively beyond 30 /on, 
largely because of a lack of interest from the miliury. The roost com- 
monly used long-wavelength photoconductor is gallium-doped ger- 
manium This detector normally responds al 120 /im; however, 
recently Kazanskii el al. (1977) have reported extending the response of 
Ge : Ga to ->-200 /«n by stressing the crystal. 

As a result of a development study for the IRAS project, Ge:Ga 
has been shown to be an excellent detector under low background con- 
ditions. Detectors made for this study have been tested at NEP’s of less 
than 10 ** W Hz *'* (for elements of.~l mm area) and appear to be 
background limited at this level (Moore 1976). The quantum efficiency of 
these detectors are excclleni (i/ 0.5), and they should prove to be 

excellent detectors for low background observations such as in balloon- 
borne and space experiments. For wavelengths beyond 120 /im. no really 
good photoconductors presently exist. Despite a fairly extensive develop- 
ment effort (G. E. Stillman, C. M. Wolfe, J. O. Dimmock, 1973, un- 
O o report) GaAs photoconductors have not proven to have 

H 2 adequate sensitivity for astronomical observations. Similarly, InSb hot- 
^ O electron bolometers have not surpassed bolometers in sensitivity for 
02 i > 300 /im (Pipher 1971). 

a ^ Infrared heterodyne receivers have been developed by several groups 
O "o *** *** spatial interferometry and high-iesolution spectroscopic studies. 
? « These receivers are quite analogous to microwave and radiowavc 

n rn heterodyne receivers. The basic principles of operation have been 

^ S described by Keys & Quist (1970) and Johnson (1974). An infrared 
detector with good high (electrical) frequency response (typically Ge : Cu 
or HgCdTe at 10 /rni) is used as the mixer. For 10-/im applications a laser 
(eitl.'cr solid state or COj 10.6 tan) provides the local oscillator source 
that is combined with the signal beam in the mixer. 

InSb has been used as a mixer at 870 /im by Phillips et al. (1977) in 
detecting the J » 3-2 transition of CO using the Palomar 5-m telescope. 
This instrument is described in the review article on millimeter wave 
astronomy instrumentation by Penzias & Burrus (1973). 

PLATFORMS FOR INFRARED ASTRONOMY 

Infrared astronomy differs most strongly from optical astronomy in its 
requirements for a wide variety of platforms for different observations 
This is a consequence of two major effects, the thermal emission associated 
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with the telescope environment (and the atmosphere), and the trans* 
mission of the earth's atmosphere. The first problem has led to many 
techniques to maximue the sensitivity of telescopes for infrared observa- 
tions. The second problem leads to the use, by infrared astronomers, of 
telescopes on airplanes, balloons, and in space, as well as at ground- 
based observatories. 

Ground-Based Telescopes 

The two primary requirements for ground-based infrared telescopes are 
the selection of a dry high-altitude site and the minimization of the 
telescope contribution to ihe background power incident on the focal 
plane. Since the scale height for water vapor in the atmosphere is about 
2 km (Allen 1973), the dryness of a site is primarily determined by its 
altitude. This is crucial to a good infrared site since H^O provides a sub- 
stantial amount of atmospheric opacity. Seeing is also an important con- 
sideration. For a 3-m telescope the diameter of the Airy disk (to the first 
null) is (yilS 2 with 2 in microns, so good seeing (i.e. <T) can imply 
diflTraction-limited telescope operation at 2 5 >on. Sky noise, i.c. the 

excess noise over background photon fluctuations, introduced by fluctua- 
tions in the sky emission, is another consideration, although a ditticult 
one to quantify. After an extensive site survey (Weslphal 1974) two major 
new infrared projects, the U.K. infrared telescope and the NASA Infrared 
Telescope Facility, have selected Mauna K.ea, at an altitude of 4200 m on 
the island of Hawaii, as the best combined site for these considerations. 

The design considerations relevant to building a telescope for ultra- 
high-sensitivity infrared observations have been described by Low & 
* Rieke (1974). The fundamenul guiding principle is to reduce thermal 
emission by the telescope to an absolute minimum. A further considera- 
tion for maximum-sensitivity infrared observations on any telescope is the 
use of a “chopping" secondary mirror (Low & Rieke 1974) to provide the 
rapid beam switching necessary to cancel most effectively the thermal 
emission from the telescope and atmosphere without adding extra noise. 
(Conventional telescopes have of course been used quite successfully 
for infrared observations: however, the sensitivity of these instruments is 
often limited by telescope emission.) 

The NASA Infrared Telescope Facility (Neugebauer 1975, Dyck 1975, 
G. Smith, private communication) is a 3-m telescope constructed 
primarily for infrared observations, and it conforms closely to the design 
requiremenu described by Low & Rieke (1974) for infrared telescopes. 
This telescope will provide prime, Cassegrain, bent Cassegrain, and 
coude foci for a wide variety of infrared investigations. A chopping 
secondary mirror for the Cassegrain and coudi foci is provided for can- 


cellation of sky emission. To take advantage of the excellent seeing at 
Mauna Kea the optics is specified to focus 80% of the light (at 5000 A) 
from a star into an image 0T8 in diameter. In order to locate invisible 
sources accurately, the offsetting pointing of this telescope will be accur- 
ate to ±2' up to 15" from a known object. To allow accurate measure- 
ment of very faint objects, the tracking error of the telescope is to be less 
than ± 0. r (rms) for periods of several hours. 

The U.K. is building a 3.8-m telescope, similar to the NASA tele- 
scope and also situated on Mauna Kea (Lee 1977). The U.K. instrument 
should be completed in 1978, while the NASA instrument will be com- 
pleted in 1979. The University of Wyoming is building a 2.3-m 
Cassegrain infrared telescope (R. Gchrz, private communication) at an 
altitude of 10.000 ft near Laramie. The image quality, pointing, and 
tracking specifications for this telescope are somewhat less severe than 
for the NASA 3-m telescope; however, the performance of this telescope 
should be excellent. The site of this telescope implars that it will not be 
as dry on average as Mauna Kea. However, during the extremely cold 
winter months the Wyoming site could be substantially dryer than Mauna 
Kea. 

One further new project of interest to infrared astronomy is the planned 
construction by Leighton (private communication) of a lO-m telescope 
for observations at 2 ^ 350 /im. Although appropriately classified as a 
“light-bucket” in the optical astronomy sense, this instrument should be 
diffraction limited at 2 ^ 350 /im, and will provide an excellent instrument 
for submillimeier observations of far infrared sources. 

High Allitude Infrared Telescopes 

The atmospheric windows that are used from ground-based telescopes 
for infrared observations are shown in Figure 2. As can be seen from this 
figure, a substantial fraction of the infrared is not accessible to ground- 
based telescopes, and for 2 > 1 5 /im, atmospheric conditions are such that 
useful photometric observations can be made only on the driest nights. 
From 15 /im to KXX) /an very little ground-based spectroscopic work has 
been done, because the windows are very poor for spectroscopic observa- 
tions, and the atmosphere is effectively opaque from 40 /<m to 350 /rni. 
It is for these reasons that substantial efforts have been devoted to develop- 
ing telescopes carried above much or all of the atmosphere. 

AIRCRAFT TELES(T)m The first telescope used regularly in an aircraft 
environment for infrared astronomical observations was a 30-cm Casse- 
grain telescope developed by Low, Aumann Sc Gillespie (1970). This 
telescope was installed in the side of a Lear Jet 24B for open-port observa- 
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tiont and provided typically 70 min of observations at altitudes of 45- 
30,000 ft. The telescope was gyrostabilized to allow inertial tracking of 
celestial sources. The necessary sky chopping was provided by means of a 
chopping secondary mirror. A highly evolved version of this telescope 
continues to be operated by NASA as a national facility at the Ames 
Research Center. 

A 32-cm telescope has been designed and built for aircraft observation 
by the Croupe Infrarouge Spatial of the Observatoire de Meudon 
(Vanhabost et al. 1976). The telescope is an open-port instrument mounted 
at a special emergency door that can be installed in a variety of aircraft 
Thus Car it has flown in a French Caravelle and the NASA Convair 990. 
This telescope isgyrostabilizedand is able to point to an accuracy of ± IS* 
(rms) under control of a star tracker. 

By (ar the most extensive effort in aircraft-mounted telescopes has gone 
into the development and operation of the NASA 0.9-m telescope in- 
stalled in a modified military transport jet, a C-141 (Cameron, Bader & 
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Figmn 2 Tlie ■Imosphcric InuuaiiiNoa u a function of waveleogih in Ihe ground- 
based infrared aimospberic windows. Transmission la plotted for varuHW atmospheric 
conditions. 
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Mobley 1971, Gillespie 1977). This facility, the Kuiper Airborne Observa- 
tory (KAO), is operated by NASA as an international observatory. 

Figure 3 shows the important aspects of this telescope. The telescope 
is mounted in a specially constructed cavity and is supported on a t 

spherical airbearing. 1'he telescope is gyroslabilized about three axes and 
field acquisition and tracking use auxiliary telescopes borestghled to the 
main telescope. The trucking performance of the telescope is quite im- 
pressive, with peak-to-peak trackmg errors of I” being common in smooth 
air. Achopping secondary mirror provides beam-switching for background 
cancellation. 

The sensitivity of observations on the KAO is highly dependent on the 
wavelength and band pass of the observation. For near infrared observa- 
tions, the sensitivity is limited by the thermal background for narrow- 
band (A>1/>1 0.01) observations, or excess sky noise for broad-band 
(Ai/2 1/2) observations al wavelengths where sky emission is signilicani 

(B. Soifer, unpublished data). In the far-infrared, the limiting sensitivity 
for diffraction-limited broad-band photometry remains the sensitivity of 
the detectors (I. Galley, private communication). 



figure i A iuk view of Ihe Kuiper Airborne Observatory, shuwuig ibe bmjot elemcnu 
of the system The ADAMS (Auborne Oau Acquisuioa aiul Management System) m ibe 
compulcr system that operates the lelescopc. 
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KAUOON TEUsoom Beginning with the pioneering obiiervulions of the 
galactic center at IQO/im by Hoflmann& Frederick ( I %9) using a 2.S-cm 
refractive telescope on a balloon platform, balloon-borne astronomy has 
been one of the most actively pursued areas in infrared astronomy. Early 
insirumentaiion (Hoffmann, Frederick & Emery 1971. Furniss, Jennings 
& Moorwood 1972) used moderately small telescopes ( ~ 30-40 cm) with 
large beams (S'-I2') and appropriate pointing capabilities (l'-6' pointing 
accuracy). These early programs emphasized photometric surveys of a 
limited area of the sky (Hoffmann et al.) and relatively coarse resolution 
maps of specific H-ll regions (Furness el al.) at far-inhared wavelengths. 

As can be seen from the payloads described in Table I. the current 
generation of balloon telescopes has found many groups developing in- 
struments for a wide variety of astronomical observations. Several groups 
have developed moderately large aperture telescopes (60 cm- 1 m) that 
have excellent pointing capabilities and thus can provide platforms for 
many observations. 

Thus far, most of these telescopes have been used to make high spatial 
resolution observations of limited regions of the sky. With the excellent 
pointing capabilities available on several of these telescopes, spectroscopic 
observations that require substantial integration limes should soon become 
more common on the accurately pointable payloads of the 1-m class. 

The low emissivity of the residual atmosphere at balloon altitudes allows 
large solid-angle observations to be made with balloon-borne telescopes. 
To exploit this capability several groups have begun programs to survey 
substantial fractions of the sky at far-infrared wavelengths. Several quite 
diverse approaches have been taken to building instruments for these sur- 
veys. The Berkeley and Goddard Space Flight Center groups have selected 
l-m telescopes with multiple detectors in the focal plane for their surveys. 
These instruments are designed to operate at ambient temperature and 
emphasize wavelengths longward of lOU /mi. In both cases the detectors 
used are composite bolometers developed by these groups. Low et al. 
(1977) have developed a unique instrument to survey the galactic plane at 
60 ian-300 /an. This instrument uses a single-mirror (20-cm) off-axis 
Herschelian telescope as part of an ultra-low emissivity optical system in 
order to take full advantage of the cold, transparent balloon environ- 
ment. Another approach, taken by Campbell et al. (1977) is to build a 
cooled telescope to reduce the telescope emission to an insignifkant 
fraction of the atmospheric emission at the operating wavelengths. To 
prevent atmospheric gases from condensing on the cooled telescope 
mirrors, a thin polyethylene membrane is stretched across the cylindrical 
telescope tube (Frederick et al. 1974). Venting helium gas prevenu con- 
densation of atmospheric gases on the membrane. 
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T wo groups have used the low thermal backgrounds of balloon environ- 
ments to make very large beam (I*') measurements of the galactic disk at 
2.4 >im (Hofmann, Lemkc &. Thum 1977; Okuda et al. 1977). 

Most of the modern-generation balloon payloads are just now entering 
regular use, so the next several years should see these ob^rvations making 
major contributions to infrared astronomy. 

Rocket and Space Telescopes 

It has long been recognued that space experiments provide the ultimate 
platforms for high-sensitivity infrared experiments. The space environ- 
ment allows telescopes to be cooled to temperatures low enough to totally 
eliminate thermal emission from the telescope itself as a source of back- 
ground noise (for 2 < 120 /im). Harwit (1964) pointed out that with 
negligible telescope emission infrared space experiments would ultimately 
be limited by thermal background radiation from the zodiacal light. 
Since this emission approximates a blackbody spectrum al T ^ 300 K, 
wiihanelfectiveemissivityof IO**-IO~^(Soifer, Houck& Harwit 1971), 
space observations can be much as ~ 10* times more sensitive than 
ground-based observations at the same wavelength. 

The first infrared astronomical observations from space were designed 
primarily to measure diffuse background radiation. Groups at Cornell 
(Harwit, Houck & Fuhrnumn 1969) and NRL (McNutt et al. I%9) flew 
cryogenically cooled telescopes of 16 cm diameters on sounding rockets 
to make absolute flux measurements from S-IOOO /on in relatively broad 
bands. Modulation of the infrared signal was achieved by chopping the 
celestial signal against a source at a low enough temperature to produce 
no significant emission. The most recent flight of the Cornell payload 
(Briotia Sl Houck 1977) has incorporated simple spectrometers for 
obtaining coarse-resoluiion spectra of the infrared background from 7- IS 
pm (2/Ai ~ 25) and 30-125 pm (2/A2 ~ 5). 

The power ofspace observations at infrared wavelengths was illustrated 
by the Air Force Geophysical Laboratory all-sky survey al 4, 1 1. 20. and 
(pariially)27pm(Price2iL Walker 1976). This survey covered 90%of the sky 
al least once and 60% of the sky at least twice at 1 1 pm and is statistically 
complete to a limiting flux density of 100 Jansky at 1 1 pm. The tele- 
scope was 16.5 cm in diameter, cooled by supercritical helium, and used 
multiple detectors in the focal plane to scan the sky. Eleven rocket flights, 
each with ~300 sec of observing time, were required to complete this 
survey. By comparison a similar survey from the ground with a 1.5-m 
telescope would lake roughly I year of observing time. 

In the last several years several space missions have been studied by 
groups sponsored by various European and US government agencies. 
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The only approved projects arc the Infrared Astronomical Satellite, a 
joint project sponsored by the US, the Netherlands, and the U.K.. (van 
Duinen 1976, Aumann & Walker 1977) and a small infrared telescope 
to be flown on Spacelab 2 (G. Fazio, private communuration). The 
IRAS satellite will perform an all-sky survey at II, 22, 40. and 90 pm 
using a 0.5-m telescope cooled to less than 4 K. The typical noise equival- 
ent flux will be ~ 10"‘* W cm"* al all survey wavelengths. The salelliu: 
has a design lifetime of one year and will be launched in 1981. 

The Spacelab 2 experiment (G. Fazio, private communication) will con- 
sist of a small (15-cm) off-axis Hcrschelian telescope, cooled to 4 K, and 
rapidly rocked ^90" in elevation to scan most of the sky approximately 
thirty times in the nominal 100-200 hours of observing. Detectors will 
cover a band of live wavelengths from 4-120 pm, both to survey the sky 
and to determine the effects of the space-shuttle environment on sensitive 
infrared observations. 

Other space infrared telescopes studied thus far are a 3-m warm tele- 
scope (LI RTS) used primarily at wavelengths 2 > 30 pm (Moorwood 
1977), a l-m telescope (SIRTF) cooled to ~ 10 K and used throughout 
the infrared (Gillctt 1977), and a 0.4-m telescope (GIRL) cooled to < 10 K 
(Lemke et al. 1977). These telescopes would be flown on sortie missions 
of the space shuttle. 

FOCAL PLANE INSTRUMENTS 
Spectroscopic Instruments 

Infrared astronomical spectroscopic instrumentation in current use ranges 
from low resolving power R * 2/A2 10 spectrometers incorporating 

prisms for wavelength separation to R '*■ 6 x 10* heterodyne spectro- 
meters. Because astronomical spectrometers encounter a varuxl environ- 
ment. they must be more rugged than their laboratory analogues. Where 
detectors are limited by thermal background photon noise, a major con- 
sideration in designing infrared instrumentation is the minimizing of local 
thermal backgrounds. Where dcuctor noise limits the performance, multi- 
plexing instruments are advantageous. 

FILTER WHEELS/GRATiNtiS At wavelengths where the sensitivity of de- 
tectors is limited by thermal background radiation, the NEP of a detector 
is, from Equation 2, « (background power)*'* By cooling a spccuomelcr 
so that Us self-emission becomes negligible, the detector sensitivity is pro- 
portional to R" *'*, where R » 2/A2 is the resolving power of the spector- 
meter. Then the noise equivalent flux density (NEED) for a cooled 
spectrometer is « R*'*. This relatively slow increase of NEED with 
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resolving power is the sensitivity premium for cooling the spectrometer, 
and this has motivated a large number of groups to build such 
instruments. 

The lirst infrared observations made with cooled spectrometers of re- 
solving power 100 were reported by Gillett & Forrest (1973). These 
instrumenis operated from 7.3 /tm to 1 3.3 pm and from 2.8 to 3.6 pm 
and used a circular variable interference filler as the wavelength selection 
device. In this device the wavelength transmitted is continuously variable 
at fixed resolving power over the appropriate range and is a function of 
angular position on the filter disk, llte filter wheel was cooled to 77 K, 
while the detector, a Gc : Cu photoconducior, operated at 4 K in the same 
dewar. While achieving the improved sensitivity that is expected, the filter 
wheel technique is limited to observing a single spectral clement at a single 
position on the sky at one time. Thus, no “multiplex*' advantage is possible 
in this instrument. While the total time required to obtain a spectrum in a 
particular wavelength band is rather long, these instruments are relatively 
simple to construct and operate, and many groups have utilised such 
instrumentsover the entire 1-14-pm spectral region both in ground-based 
and airborne applications (Merrill et al. 1973, Russell & Soifer 1977, 
Gillett &. Joyce 1973, Scargle et al. 1977, Witteborn et al. 1977, Willner 
1976, Ncugebaucr et al. 1976). These instruments have become limited by 
thermal background noise for A > 2.3 pm. Little work has been done 
with such instruments beyond 14 pm. 

Because the resolving power of circular variable interference filters is 
limited to ^ 100, and because sequential observations of spectral elements 
is required, further improvement of sensitivity in spectroscopic instrumen- 
tation has involved multiplexing instruments of various sons. The 
simplest type of such an instrument is a dispersing instrument, where many 
spectral elements are observed simultaneously. Several groups have built 
cryogenically cooled prism and grating spectrometers having a wide range 
of resolving powers. Alternatively, *he multichannel system can be used 
to map an extended source simultaneously in many wavelengths. Gehrz, 
Hack well & Smith (1976) have constructed a helium-cooled six-channel 
Czerny Turner spectrometer using a prism as the dispersing element. 
This instrument has a resolving power R 10, and spans the entire 8-13 
pm window simultaneously. 

At higher resolving power (R 30-100) cryogenically cooled grating 
specuometers have been built. Schaack (1973) describes a two-channel 
Ebert-Fastie system operating simultaneously in first and second order to 
span the l6-l4-pm range. This instrument has been operated on the 
NASA 30- and 90-cm airborne telescopes. Recently this group has oper- 
ated a lO-elcment array (J. Houck, private communication) spanning the 
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16-30-pm wavelength range in an identical spectrograph. D. Aitken and 
B. Jones (Jones, private communication) have developed a spet'trometer 
cooled to 4 K, which operates at a resolving power R IUU-20U in the 
lO-pm and 20-pm atmospheric windows. Currently an array of six de- 
tectors is used in this instrument. 

Higher resolution grating spectrometers have been built at Kiit Peak 
(Joyce 1977) and Lick Observatory (Rank &. Brcgmann 1973). The KPNO 
instrument is a Littrow mode grating system, cooled to ^77 K, and oper- 
ates in atmospheric windows from 1-4 pm, at a resolving power R 300. 
The Lick ObUrvatory system is completely cooled to 4 K., and usually 
operates in the lO-pm atmospheric window at a resolving power of 2000. 
This instrument has about 30 detectors operating simultaneously. 

One of the problems of operating multichannel instruments is the elec- 
tronic data processing required by the high data rates. Since the thermal 
backgrounds still dominate the source flux, spatial chopping is necessary, 
and the processing of many channels of analog signals has initiated the 
use of minicomputers. A preamplifier and band-luniting amplifier are 
provided for each detector channel, and the output of this amplifier is 
sampled and converted to a digital signal, then phase detected in the com- 
puter. This technique has shown no significant loss in signal to noise when 
compared to the classical analog phase sensitive amplifier (Gehrz et al. 
1976, D. Rank, private communication) and is much less expensive. 


FOURIER TRANSFORM SPECTROMETERS (FTS) 

Introduction Fourier uansform spectrometers have played an increas- 
Oingly important role in astronomical spectroscopy since the pioneering 
~ work at wavelengths '^2/ini in the early 1960't, which is discussed at length 
Q Sin a review article by P. Connes (1970). These instruments were adapted 
Q >for astronomical use initially because the available detectors were 
^ ^ sufficiently poor that there is an advanuge to observing all spectral elc- 
^ 7 ments simultaneously with a single detector. As long as the dominant noise 
2> o is independent of the signal level, or the system is not background limited 
t f*lover the whole spectral range Av, the signal to noise obtained in an 
ZiJ 23 FTS exceeds that obuined in a scanning spectrometer (where mdividual 
spectral elements are observed sequentially) by a factor proportional to 
yjN where Af is the number of spectral elements. This advanuge [called 
the multiplex advanuge (Fellgett 1938)] occurs because the FTS receives 
information over the entire spectral range during the time of a scan, and 
the entire specual range is essentially coded in the intericrogram. Sub- 
sequent detector improvements, coupled with low background telescopes, 
have reduced this advanuge m some paru of the spectrum. 

Since the basic concepts of Fourier transform instruments are well 
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documcnled [eg. J. Connes (I96IX MerU (1965). Bell (1972). and the 
review arlide by Schnopper & Thompson (1974)). we only briefly discuss 
the fundamental principles of operation. 

FTS insuuments in astronomical use include Michelson interfero- 
meters. Lamellar grating interferometers, and Martin-Puplett interfero- 
meters in both ground-based and airborne applications. Any attempt to 
discuss the properties of all current astronomical Fourier transform 
instrumenution would undoubtedly sufler from repetition, undue length, 
and inadvertent omission [e g. Hand &. Kunde (1975) report some SO 
planetary oriented FTS instruments in I973j. in this review we describe 
in deuil a few specific examples of a given genre of instruments that 
represent advances in the decade since Connes' review article. 

A Fourier trr nsform spectrometer operates by separating the incoming 
radiation into two beams (e.g. in wavef^ront division, lamellar grating LG 
and amplitude division. Martin-Puplett MP and Michelson interfero- 
meters Ml), varying the optical path of one of the beams, then recombin- 
ing the beams that interfere with one another. The resultant output is 
called an interferogram: the interference pattern (modulation) is pro- 
portional to cos 2avjc for all of the above instruments, where r (cm " ') is 
the frequency and x (cm) the path difference of the separated beams. 
The output intensity, or interferogram. 7(jt), can be expressed for an ideal 
interferometer as 

r(v)S(w)dv-h j* T(v)S(v)cos(2xvx)iiv 
= /(0)+ j* T(v)S(v) cos (2xvx) Jv, 

where ?(») is the transmission efficiency of the spectrometer and S(») is the 
spectral intensity that can be recovered by Fourier transform techniques. 
(See any of the review references or texts cited for a discussion of the re- 
duction techniques). Discrete sampling of 7(Jr) over a finite interval intro- 
duces some limitations in recovering S(s) (see Bell (1972). for example). 
The maximum spectral frequency at which data can be obtained is 
= l/(2Ax), where Ax is the path difference between sampling. This 
limiution arises because discrete sampling causes a replication in the re- 
sultant Fourier transformed spectrum; the sampling interval must be 
chosen in terms of the desired cut-off to avoid overlap of the desired 
specoum and a replicated spectrum (aliasing) If N samples are taken 
past the reroth path difference, the best resolution possible is related to 
the maximum path difference by » |/(2NAx) « l/D^. 

Advantages of FTS instruments have been discussed at length in the 
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references cited. When not limited by source noise, the multiplex advan- 
tage, previously discussed, prevails. Order-sorting problems associated 
with dispersive spectrometers are absent, and it is only necessary to filter 

frequencies above v and to limit the total spectral band pass in order 

to reduce background radiation falling on the detector. A large through- 
put (/40) can be accommodated by an FTS instrument without strongly 
compromising the instrument resolution: this is called the throughput or 
Jacquinot advantage. Limitation in physical size of the optics limits the 
ultimate resolving power of dispersive instruments, but FTS instruments 
need only increase the interference path difference of the beams to increase 
resolving power, intrinsic accuracy of wave-number measurement results 
from the interference phenomena inherent in FTS instruments. Because 
the moveable optic can be accurately controlled, the resultant precise 
changes in the displacement of the mirror are transformed into high 
wave-number accuracy. 

A disadvantage of the single-input, single-output FTS instrumenu de- 
scribed so far is the presence of the term /(O) in the interferogram, an offset 
subject to spurious fluctuations. This can be eliminated by a variety of 
schemes in different instruments. For example, a dual-input, dual-output 
Michelson interferometer can make use of the fact that the two outpuu 
are complementary, Le that the beam passed through the interferometer 
in the opposite ducction has an interferogiam 

/(x) * 1(0) - j* TXv)S(v) cos (2xvx) dv 

so that the difference between these outputs cancels the DC offset 7(0) 
and doubles the modulation. If such a MH:helson is operated in a rapid 
scan mode, in which the moving optk is moved at constant velocity at 
high speed (Mertz l%7). spurious effects are efficiently eliminated. 
Another FTS device that eliminates the 7(0) term is the polarizing (Martin- 
Puplett) Michelson interferometer. In this device the interferogram is 
proportional to either I - cos A or I -t- cos A [where A is (2xvx)], depend- 
ing on whether the analysing (exit) polarizer is perpendicular or parallel 
to the entrance polarizer. The entrance or exit polarizer is used as a 
chopper, eliminating the DC term (Martin A Puplelt 1970) 

Michelson interferometers Two classes of near and intermediate infrared 
Mkihelson interferometers are in use today on ground-based telescopes, 
namely compact moderate resolution spectrometers (initially introduced 
by Meru 1%7) that operate at the Cassegrain focus and more complex 
and sophisticated high resolution interferonwters that operate at the 
coude focus. 
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Several cemmon problems besei designers of ground-based Michelson 
interferometers. Weak signals and high thermal background levels most 
strongly influence design. Scintillation and seeing noise due to atmos- 
pheric turbulence (spuriously interpreted as interferometric fringes) can be 
eliminated by rapidly scanning the moving mirror at constant velocity 
so that fringe frequencies exceed scintillation frequencies (see Meru 
1967): in addition, the rapid scanning of the fringes themselves “chops” 
the radiation, eliminating the necessity for an articulating secondary. As 
a consequence of the scan speeds chosen, individual interferograms are 
quickly generated but often at low signal-to-noise ratio, so that repeated 
scans (sometimes up to tens of thousands) are co-added to improve the 
signal-to-iioisc ratio. Digital processing of the dau is thus required, and 
most contemporary instruments depend on a reference signal (derived 
from the sinusoid interferogram of a monochromatic laser beam that 
also passes through the interferometer) to control the sampling. A white 
light beam is passed through the interferometer close to the source beam: 
the white light fringe is used as a liducial mark so that successive individual 
interferograms may be co-added in phase. A particularly complete descrip- 
tion of the dau processing involved is given by Larson &. Fink (1975): 
earlier dcsciiptions follow Johnson et al. (1973). 

Michelson interferometers mounted al the Cassegrain focus allow 
minimization of the urlescope thermal background radiation because there 



ScbciiMik itlusiralioo of ihe inieroiiJ optical conliguralion of Lartoa and 
Fink's Micbclioa inierfcronieicr. The ray diagram beginning al bending mirror M, 
(which deflecu radiation mto ibe ipecuomeicr) lilustraies ihe iwo-bcam mput/two-bcam 
output goontciry using on-aau but diverging beams. 
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are only two reflections at that focus and no moving telescope parts in the 
beam. Figure 4 illustrates the optical design of a typical device (Larson & 
Fink 1975). In this device, mirrors M, divert light from the telescope 
into the plane of the interferometer, while injection mirrors Mj, Mj 
detine the held to be diverted into the interferometer via bending mirrors 
Mi, M'i. The dual beams then are transmitted and reflected by the beam 
splitter to the sutionary and moving mirrors in the interferometer. One 
of the dual beams is transmitted, and the other is reflected to the moving 
mirror. Recombination on the beam splitter then ukes place, and the 
beams exit via Mi and M'i (in this scheme still diverging asy?45 so that 
the injection mirrors only slightly obscure the exit beams) and matched 
detectors are provided for each output. For a Michelson interferometer 
to be useful beyond 3 jim where the tliermal background is high, the two 
complementary inputs of such a two-beam interferometer are used for 
thermal background compensation: adjacent beams on the sky (one 
includes the source) are fed into the two inputs, and the background 
radiation (sky -F telescope) fringe is cancelled to tirst order at each output 
because of the complementary nature of the two beams (as noted earlier). 
To reduce residual imbalance due to asymmetric optics, nonuniform 
background and lossy beam splitters, the source is switched from one 
beam to the other between successive scans or groups of scans. 

The dual-beam input, dual-beam output is also typical of designs of 
Thompson & Reed (1975). Ridgway & Capps (1974), and Trelfers 
(1975). With the exception of Thompson and Reed, all of the above in- 
struments have adapted the commercial rapal-scanning Idealab IF*3 
interferometers for astronomical use and all employ dielectric beam 
splitters. Thompson and Reed successfully incorporated a printed circuit 
motor and tachometer rather than a magnetic coil driver (typaail of the 
Idealab Units) to drive their moving mirror. Because of the high back- 
ground conditions, the Ridgway and Capps and the Treffcrs instruments 
(built for the 10- and 20-j< atmospheric windows) must have very well 
balanced dual beams in order to elfect thermal background compensa- 
tion. In order to achieve (his end Ridgway and Capps mounted their 
instrument on the unobscured aperture of the McMath 150-cm solar 
telescope and utilized variable focal plane apertures to define the two 
beams precisely. All of these insirumenu are aligned in the lab, and 
input mirror and dewar adjustments arc done on the telescope. Most 
observing groups uke one-sided interferograms: a phase-conected 
(Forman et al. 1966) interferogram is co-added, then cosine transfotmed. 

D. Hall and S. Ridgway (1977. preprint) have achieved success with a 
prototype lO-cm FTS at the coude focus of the KPNO 4-m telescope and 
are constructing a rapid-scanning FTS optimized for high-resolution 




356 SUIFM A PIPlitK 


357 


visible and infrared spectroscopy (0.4-20 /im) of planetary and galactic 
sources. The instrument will employ thermally compensated, preadjusted 
components [e g. beam-splitter and cals-eye retrorellectors (Beer I%8)], 
accurate to interferometric tolerances. A massive table supports the 
insinimcnt. und do folding flats arc planned. Tlie moving cats-cyc will 
be mounted on a screw drive and hydrodynamic hearing: Path differ- 
ences up to 2 m will be possible. The instrument will be computer con- 
trolled, so that beam-splitter changes and dewar servicing will represent 
the only hands-on operation. Entrance apertures up to 30* will ultimately 
allow panoramic detectors to sample spectra simultaneously across an 
estended source. Cbnventtonal rapid scanning, co-addmg of intetfero- 
giams, and full dual-beam utilization are planned. The authors estimate, 
on the basis of their prototype, that use of symmetric matched inputs 
cancels background radiation to ^1% at 5 pm, and beam switching 
reduces this to 10 *-10 *. A chopping secondary is not required. 

Dachicr & Ade (1975) report the construction, theory, and use of a 
submillinteter Michelson interferometer that employs an unusu:<l beam 
splitter, consisting of a pair of solid prisms separated by a narrow gap, 
and that utilizes frustrated loul inumai reflection. Because the beam 
splitter operates effectively over two octaves of frequency, it is an attrac- 
tive choice. Actual use of the interferometer on the Queen Mary College 
1.5-m far-infrared telescope employed phase modulation (Chamberlain 
& Gebbie 1971) rather than radiant-flux chopping, and was tested in 
measurements of the daytime sky at 0.5 cm" * resolution. 

A substantial number of experimenters have successfully flown 
Michelson interferom'^ters on airplane, balloon, rocket, and satellite 
telescopes in order to exploit freedom from atmospheric constraints. For 
example, Larson and Fink's instrument has been flown on the KAO 
C-I4I facility many times. They have recently updated their instrument 
(H. Larson 1977, preprint) to a substantially higher-resolution (0.02 cm " ') 
system operative from 0.8-5.6 pm. It also is a dual-input, dual-output 
interferometer, employs rapid stepping, and utilizes cats-eye retrore- 
Aectors in place of the moving and stationary interferometer mirror in 
Figure 3. Although designed for KAO observations, it can be adapted to 
ground-based use. 

Hilgcman & Smith (1976) have achieved excellent resulu on the NASA 
Lear Jet in the 1. 5-3.5 pm region of the spectrum at 2 cm"* with their 
Michelson interferometer, which is unusual in the sense that the telescope 
employed, a 30-cm f/23 folded Dahl-Kirkham, is hard-mounted to the 
interferometer assembly. The NASA heliostat is then used in conjunction 
with the tnterfcrometer/telcscope. 

Two far-infrared Michelson interferometers have been flown on KAO. 
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Erickson ct al. (1977) have flowr. a single-beam interferometer, sensitive 
from 30-125 pm. housed in the vacuum space of their helium dewar 
so that acoustic vibration of the mylar beam splitter is prevented. The 
articulating secondary of the telescope is used in this case, and zero 
path difference is found by computer-peaking up a bright source. 

The most elaborate Michelson interferometer currently in use on the 
KAO is described in a pair of articles (Buluieau et al. 1977, Langlet 
et al. 1977). A high-resolution (0.02 cm"') rapid-scan Michelson for use 
from 10 to 300 pm, more analogous to previously described instruments, 
was constructed. The instrument contains a built-in alignment laser and a 
variable temperature blackbody source that can be rotated into place. A 
cold Ai/i -^0.1 band-pass Alter limits the background from the warm 
telescope/intcrfcrometer so that detector noise dominates. The interfero- 
meter can be evacuated durmg flight, and the dewar (mounted on a table 
with six adjustment degrees of freedom), reference laser, and drive motor 
are at cabin altitude. The whole system mounts on a massive plate that 
serves as an optical bench. Sky chopping is not employed. This instru- 
ment, with a difl'erent choice of beam splitters, »as also been used in 
O C ground-based application (e.g. Andercgg et al. 1976). 

? Two balloon experiments utilizing M ichelson interferometers have con- 

po £ ventional design: Fumiss et al. (1976a) report far infrared measurements 
O 1 from 60 to 220 cm " ' from the University College London 40<m balloon- 

SJ f— borne telescope. Traub(l976) is planning moderate resolution (0.1 cm ) 

O T 3 25-150-pm spectroscopy on the SAO balloon-bome l-m telescope. The 
^ « main input beam will alternately view the source and blank sky with the 
IZ rn second beam viewing a cold surface. Thus the sky emission spectrum 
^ jg can be calculated, and subtracted from the source spectrum, eliminating 
need for a balanced output with a chopping secondary. 

Although the Air Force Geophysical Laboratory HIRIS experiment 
(A. T. Stair, J. W. Rogers. W. R. Williamson. 1977, preprint) is not in 
astronomical use, it is interesting lor potential astronomical use because 
of its 10 K operating temperature. It incorporates a rapid-scan helium- 
cooled Michelson interferometer and is carried on a Sergeant rocket. 
The system, built by Honeywell Radiation Center, incorporates a 
specially developed Idealab Inc. interferometer slide assembly, and it 
obuined 2 cm' ' resolution data on the atmosphere in the 4-22 pm regRMi 
of liie spectrum. The instrument is doubly unique in that the system 
aperture IS 2.54 cm and the optics IS //I. 

The infrared investigation on the Voyager mission uses a pair of 
Michelson interferometers in conjunction with a boresighted single- 
channel radiometer (Hanel et al. 1977). The MIRIS interferometers, one 
a far infrared device (60-600 cm"') and the other near infrared (1000 
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7000 cm ~ '), share the telescope aperture. A tuning fork chopper allows 
radiation to alternately fall on one interferometer or the other. Both 
interferometers depend on a common linear motor to di 've the moving 
mirrors. Mariner 9 also carried an infrared interferometer experiment 
(Hanel et al. 1972), IRIS M. which was similar in design to the atmos- 
pheric Nimbus interferometers. IRIS M operated from 20-2000 cm~' 
at 2.4cm*' resolution. Like the Nimbus interferometers, this system was 
a dual-detector double-beam device, employing the constant velocil<« 
mode of driving the moving mirror. Hand et al. first proposed prescvint- 
the dual-beam nature without employing a beam-splitter size twice the 
size of the beam cross section. They use the technique of solid-angle 
splitting of the interfering beams instead. 

Lamellar grating interferometers There have been several airborne 
lamellar grating experiments in the far infrared. The lamellar grating 
employs wavefront rather than amplitude division of the input beam, with 
nearly 100% beam-splitter efficiency for 2 100 /im. Since only the 

zeroth order of diffracted radiation from the lamella is used in tuis mode 
of spectroscopy, higher (v.'dd) orders arc irretrievably lost. Interferograms 
are generated as a function of the path difference between the beams re- 
flected from the fixed and moving lamella. These systems are single-input, 
single-output devices, employ an articulating secondary (or some sort of 
chopping), and cannot dispose of the offset term /(O). Pipher, Savedoff & 
Duthie (197?) have employed a lamellar grating interferometer with 
lamella fabricated on a brass sphere matched to the / ratio of the KAO 
telescope: collunating optics are not required. They have made observa- 
tions from 28 to 300 /on at resolutions to 1.7 cm*'; at much higher 
resolutions shadowing would be a problem, and waveguide effects dimin- 
ish efficiency of the device at long wavelengths. A step and integrate mode 
was utilized for data acquisition in this device. 

Hofmann, Drapatz Sl Michel (1977) are constructing an experimental 
balloon-borne 20-200-/im lamellar grating cooled by liquid nitrogen, to 
achieve a maximum resolution of 0.03 cm*'. An oif-axis mirror pro- 
vides a collimated beam of radiation that is parallel to the travel of the 
moving lamella and driven by a stepping motor attached to a micrometer 
screw. The reflected beams are focused on the detector by a second off- 
axis mirror. The lamella in this experiment are cut from a low thermal 
expansion ceramic. JERODUR, lapped to optica) tolerance, and the 
moving lamella glides on a ZERODUR plane. 

Mercer et al. (1976) have designed a balloon-borne lamellar grating 
interferometer, cooled by liquid helium, for cosmic-background spectral 
measurements from 3- 1 2 cm * ' . Entrance and exit apertures consisting of 


light pipes feed the collimating off-axis parabofoid with an 8° x 3(P 
beam. Lamella are constructed of Dural, and 0.1 cm * ' is the maximum 
resolution. A disc chopper modulates the radiation. 

Martin Puplett interferometers Two balloon-borne submillimeter cosmic 
background experiments (Woody et al. 1973, Robson 1976) have utilized 
liquid-helium-cooled polarizing Michelson interferometers as developed 
by Martin & Puplett (1970). These interferometers modulate the polariza- 
tion of the radiation rather than the intensity as in a conventional 
Michelson interferometer. The input radiation is linearly polarized by an 
entrance polarizer before reaching the wire grid polaruer, oriented at 
43'* to the entrance polarizer (sec Figure 3). The radiation is split into 
two orthogonally polarized beams by the beam splitter. Dihedral mirrors 
(one moving, one stationary) rotate the polarization plane by 90" so that 
the beam originally transmitted by the polarizing beam splitter is now 
reflected and vice versa. The output beam is analyzed by the polarizing 
chopper before detection. Beam-splitter efficiencies are very high over a 
wide spectral interval in this interferometer, making it an ideal choice for 
space astronomy. Details of experiments differ: for example. Woody 
et al. use a single detector scheme, collect radiation from a reflecting horn 
and cone antenna, and immerse their interferometer in cryogen. Robson 
uses a dual detector system and passes incident radiation through a low- 
emissivity window on the cryostat vacuum jacket. 

Ihe Cbsmic Background Explorer Satellite will include three instru- 
ments covering the 8-/im-l3-mm spectral range, to determine the 
spectrum and angular distribution of the large-scale background radiation 
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(kids (Mather 1977). The spectrometer is a cryogenic Martin-Pupktt 
intcrreromctcr to measure the 3 K background. It will cover a range of 
3.3-33 cm* have at least 1 cm~' resolution, and have a T beam. The 
critical aspects of the experiment will be its flux collector and calibra- 
tion techniques (not yet finalized). The spectrometer will operate at 3K 
as a null tester; this will allow unprecedented sensitivity in detecting 
deviations from blackbody form. 

HADAMARD TRANSFORM SPECTROMETERS (HTs) Both FTS and HTS sys- 
tems record the entire spectrum in encoded form and image it onto a single 
detector. Hadamard transform spectrometers are dispersive spectrometers 
with either the entrance or exit aperture or both encoded by multislit 
masks. The encoding pattern is represented by the rows or columns of the 
Hadamard matrices, which are binary digital in which one digit represents 
an open slit and the other digit represents a closed slit so that the spectrum 
can be recovered by matrix inversion (Sloane et al. 1969, Decker & 
Harwit 1969, Philips & Harwit 1971). There have been somewhat con- 
troversial comparisons of the relative merits of FTS and HTS techniques 
in the literature, and most recently Tai & Harwit (1976) conclude that 
the Hadamard encoding process has a yjNfl multiplex advantage while 
the single detector FTS has a yjNJi multiplex advantage system (Treflers 
1977). In practice, however, the HTS has not been used extensively in 
astronomy, with a few notable exceptions. For exampk, Houck et al. 
(1973) successfully employed a single Hadamard mask at the exit aper- 
ture of a l/4-m modified Ebert Fastk spectrometer, which was flown on 
the Convair 990, to make observations of bound water on Mars. The 
observations were made from 2.2 pm to 3.8 pm at O.l-pm resolution. 
Phillips & Briotta (1974) made the first measurements of the V 2 band of 
NHj absorption (II.S-13 pm) in the Jovian atmosphere using an HTS. 
In this case the HTS was doubly multiplexed, and a //1. 2 Littrow mode 
spectrometer was utilized: the resolution obtained was iJL/X 0.004. 

FABRY-PEROT sPECTS't iETERS (Fp) For Very high resolving power, and 
large throughput astronomical observations of a single-line profile (with 
the potential of velocity resolution), scanning Fabry-Perot spectrometers 
are unsurpassed. For example, very littk multiplex advantage could be 
obtained with an FTS in the study of a singk line, and the FP is a much 
simpler system. An ideal FP consists of a pair of semi-transparent flats 
(at the wavelength of interest) with reflecting surfaces facing each other, 
and accurately parallel. If the reflectance of the facing surfaces is iH, the 
system transmission T is 

T * {l+4sf(l— af)"* X 8in^(2xn/vcos0]}*', 
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where it is the refractive index of the inter-flat material, / is the etalon 
plate separation, 0 is the angle of incidence, and v is the frequency in 
cm* ' of the incident light The transmittance peaks occur at InJvcoiOs* 
m, where m (integral) is the order number, and thus transmitted light 
consists of a serks of peaks uniformly spaced in frequency by the free 
spectral range. The resolving power of an FP, like an FTS, is achkved 
by increasing the separation / rather than by increasing the size of an 
optical clement, as for exampk the grating in a grating spectrometer. 
The wave-number resolution ^v(cm*')— l/2N«/, where Ng, is the re- 
flective finesse [Ng, — — dt)]. The theoretical resolving power is 

Rt > 2A/«vf. Scanning in wavelength is achkved by varying n, f, or 0. 

Like the FTS instruments, the FP enjoys a luminosity or throughput ad- 
vantage, relative to grating instruments that are limited by the slit size 
to small throughput. A line general discussion of the theory of operation 
of FP interferometers (with astronomical application) is provided by 
Roesler (1974): earlkr reviews by Vaughan (1967) and Meaburn (1970) 
are also useful. 

Townes and collaborators al the University of California, Berkeley 
(Geballe 1974, Holtz 1971, Greenberg et al. 1977, Brandshall el al. I97S, 
L. T. Greenberg and P. Dyal, private communication) have developed a 
varkly of FP spectrometers for both ground-based and airborne applica- 
tion using both ambient temperature and cooled elalons. One example of 
a ground-based instrument, developed by this group, consists of ambient 
tandem FP elalons and tillers. The serars placement of the etalons was 
predicated by the unavailability of filters for satisfactory blocking of un- 
wanted orders at the desired resolving power, finesse, and transmissioii. 
Unwanted orders of the first etalon are blocked by using the second 
etalon in a different order. Spacings are varied by driving one mirror 
of each pair pkzo-electrically. Mirrors of finesse IS used with fillers of 
20 cm*' bandwkilh result in a resolution at S /im of 0.1 cm*'. The 
sweep range is between I cm * ' and 2.S cm * '. A 20-/mt adaptation of this 
system has also been used at Mauna Kea. 

Another instrument developed by this group consists of a cooled FP 
(77 K) and grating (10 K) that limits thermal background radiation on the 
detector to the 0.1 -0.2 cm*' width of the instrument (at 12.8 pm). This 
cooled insirunKnl ykids a 10-20 (actor improvement in sensitivity at 
10-pm over a warm system. 

Another FP system for the SO pm- 1 mm region was developed and used 
on the Lear Jet telescope (Brandshaft et al. I97S), and recently on KAO 
by the same group. Quartz plates coated with aluminum grids were used 
initially.for the FP etalon. Free standing Ni grids replaced the quaru 
plates for subsequent flights on the KAO. The resolution of this instru- 
ment is 1.6 cm*'' at 100 pm. 
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Michel, Nishimura & Olthof (1977) plan to use the angle-scan Fabry- 
Perot technique for a satellite survey of molecular hydrogen (28 pm). The 
FP filter is tilted to wavelength scan in this technique (Roche & Title 
I97S). They propose multidetector arrays so that mechanical tilts of the 
FP filter become superfluous. Light passing through the FP at different 
angles and then focussed at different detectors allows each to receive 
light from an adjacent wavelength. They have tested a Nu — 6d, R 
3000 FP consisting of a Si wafer (200 pm) coated with 2/4 alternate 
layers of Csl and Ge. and use it in the m = 50 order of dispersion. 

HETERODYNE SPECTROSCOPY Many groups are involved in heterodyne 
spectroscopy including Peterson et al. (1974), Mumma et al. (I97SX de 
Graauw & Van de Staadt (1973), and de Batz et al. (1973). They 
utilize heterodyne spectroscopy in the infrared to achieve resolving 
powers in excess of 10**; by converting infrared frequencies to microwave 
frequencies spectral analysis can be performed electronically. To ex- 
emplify the method, Betz et al. (1976) utilized the system developed by 
Peterson et al. on one of the KPNO 81-cm solar telescopes to measure 
emission lines on Venus. The infrared signal at 10.6 pm is combined 
with a few milliwatts of output power of a stabilized CO 2 laser and 
focused onto a cooled HgCdTe mixer; the difference frequency is 
amplified; and a 200-MHz segment of the O-lSOO-MHz spectrum is 
converted by a single side-band mixer to 30-230 MHz and directed into a 
multichannel RF filter bank, where the spectrum is analyzed into 40 
independent 3 M Hz channels. Synchronous demodulation at the chopping 
frequency of the 40 channels, then multiplexing into the computer is per- 
formed, leading to R = 6 x 10^ at 3 x 10'^ Hz. At this resolving power 
velocity resolution of the order of 30 msec is possible, underlining the 
significance of this type of spectroscopy. 

High Spatial Resolution Instrumentation 

Diffraction-limited observations on a single telescope can yield useful 
information on spatial structure of a wide variety of infrared sources 
from molecular clouds to galaxies. When seeing permits, diffraction- 
limited spatial resolution is achievable at 10 pm. Source sizes of 073-1" 
have been measured using the 5-m Hale reflector (Becklin et al. 1973, 
Wynn-Williams et al. 1977). At 100 pm, the angular resolution of the 
0.9-m KAO telescope, about 20", is much larger than the seeing disk. 
Several groups (Werner et al. 1977, Harvey et al. 1976) fly far-infrared 
photometers on the KAO and make diffraction-limited observations of 
molecular cloud/H II region complexes. 

From the ground, infrared lunar-occultation measurements of infrared 
point-like sources [e.g. IRC-i- 10216, Toombs et al. (1972)] provide the 


only single-aperture method of improving spatial resolution above 
diffraction-limited operation. Several groups routinely monitor occulta- 
tions of all appropriate objects. Sizes of '>'071 have been measured using 
this technique (Zappala et al. 1974). 

The University of Arizona infrared spatial interferometer (McCarthy & 
Low 1975, McCarthy et al. 1977) is now being used for measurements 
of the sizes and shapes of circumstellar shells at 3 pm- II. I pm. The 
instrument as operated at the Cassegrain foci of various telescopes is 
shown in Figure 6. Two circular apertures mounted symmetrically across 
the telescope diameter admit the interfering beams: each beam is re- 
flected by mirrors mounted on piezoelectric stacks, then by a roof mirror 
to a dichroic beam splitter. The infrared beam is admitted to the detector 
di^Tough a slotted mask (width and separation equal that of the fringes, 
i.e. ~0.5 mm). Observations at different baselines are made by using 
various diameter telescopes (1.5-4 m). Accurate positioning of the roof 
mirror equalizes path lengths of the beams, and modulation of the fringes 
is achieved by “sawtooth” chopping of one of the mirrors mounted on a 
piezoelectric stack. Fringe visibility functions can be measured at 3 pm, 
8.3 pm, 10.2 pm, and 11.1 pm, and angular sizes as small as 074 have been 
measured at 10 pm. 



figure 6 Schemutic diugrura of McCarthy and Low's tpaliul inierferomcicr. The musk 
over ihe telescope aperture is (I). the plane mirror on the piezoelectric stuck is (2), the roof 
mirror is (3), the dichroic mirror allowing light to puss to the dewur is (3) and the eye- 
piece (II) is numbered (4). Interference fringes (9) on the slotted mask (7) are focussed 
on the detector by the field lens (8), while the prcfilter is (6). 
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Johnson (1974, see also Johnson et al. 1976) has reported the suc- 
cessful development of a two-clement stellar infrared interferometer. The 
Berkeley intederumeter mimics the microwave VLBI, in which hetero- 
dyne detection at each telescope is used. Phase and amplitude information 
of the original infrared signal is preserved at the dilfereiice microwave 
frequency, and direct radio-frequency interference of the output is em- 
ployed. The two telescopes used for the interferometer arc the McMath 
Solar Observatory auxiliary telescopes, which each have a 4000-cm^ 
collecting area and are separated by S.S m on an east-west baseline. 
Angular resolution of the instruments is 0T2 for sources on the meridian. 

Dc Bau et al. (1977) have applied an innovative multiplex technique 
using Hadamard coding to astronomical infrared imaging at 2 The 
multiplex advantage of FTS and HTS was discussed above. A similar 
multiplex advantage obtains when Af image elements are observed at one 
time by superposing an appropriate code sequentially on the image. In 
this experiment the incident beam is diffracted by a holographic grating 
at the coude focus of the CERGA l-m telescope, and the zeroth-order 
radiation is modulated, then imaged onto a Hadamard grid of opaque/ 
transparent squares. An angular resolution was achieved, with a 
multiplex advantage of half the theoretical value of 23. 


using a rotating wire-grid analyser with their photometer system. « 
modification of this instrument has been used on the KAO (M. Harwit, 
private communication). 

Kemp et al. (1977) have utilized a new type of infrared polarimeter 
employing photoelastic modulators. In contrast to the conventional near- 
infrared polarimeter (Dyck et al. 1973, Blanco et al. 1976), in which a 
rotating analyzer is used, the instrumontal polariz_*ion is 0.01 %^0.03% 
at 1.6 pm and 0.03%±0.04% at 2.2 pm. Ilte photcclastic modulators 
are constructed of CaFi, and the instrument uses a beat frequency 
arrangement involving two modulators, yielding polarization chopping 
at 15-20 Hz, appropriate for detector response limes. 

Astronomical Fourier spcctropolarimeiry has been discussed in depth 
by Forbes & Fymat(l974). They show that the Fourier spectroscopic tech- 
nique can be adapted to the measurement of all four Stokes parameters 
with a comparable degree of resolution and over a wide spectral range. In 
the two-beam Michelson, polarizer(s) are inserted into the beams with 
transmission axes al angles d — 0, 4S, 90°. These inlerferograms, with 
different configurations of the polarizers, are needed to extract the Stokes 
parameters. This technique was successfully used to obtain spectro- 
poiarimclry of Venus from 0.8-2.7 pm with O.S cm" ' resolution. 


Folarimetry 

Infrared polarization measurements provide important additional infor- 
malien about the emission mechanisms of astronomical objects. For 
example, polarization studies of galactic nuclei (Knacke et al. 1976, 
Capps St Knacke 1976) yield information on the predominance of thermal 
or nonihermal processes. In the presence of scattering (as for example 
in a planetary atmosphere or circumstellar shell) radiation fields become 
polarized. In those cases spectral variations of the observed radiation 
intensity and polarization state, particularly in line profiles, yield 
structure and composition information. Both photometric and spectro- 
scopic pobrimeters have been constructed. 

Photometric instrumentation at both far-infrared and near-infrared 
wavelengths generally employs a rotating analyzer. For example, 
DairOglio et al. (1973) describe a far-infrared polarimeter which is also 
discussed by Coletti et al. (1976). The balloon-borne instrument con- 
sists of an J]4 20-cm telescope, a rotating analyzer that modulates the 
polarized component of infrared radiation (3UO-3000 /jm), a bolometer, 
and two lock-in amplifiers 90° apart to measure intensity and plane of the 
polarized radiation. 

Dennison (1976) reports on 100-/im polarization measurements of M42 
and Venus carried out on the NASA Lear Jet Airborne Observatory, 
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The expansion of infrared astronomy over the last five to ten years has 
been as vigorous as any held of astrophysics. To a great extent this growth 
has been generated through applications of technological advances to 
astronomy. Much of this new technology has come in the form of high- 
sensitivity infrared detectors becoming commercblly available. Further- 
more, the development of various platforms optimized for infrared 
observations has opened the entire I /<m~l mm wavelength range to 
astronomical investigations. 

With currently available detectors, instruments limited in sensitivity 
only by fundamental constraints of fluctuations in thermal background 
radiation are coming increasingly into operation. One major example of 
this increasingly sophisticated instrumentation is high spectral resolution 
devices. Excellent sensitivity is now being achieved at high spectral reso- 
lution, and the trend towards high-rcsolution spectroscopy in the infrared 
should continue. 

Two major new advances in technology should drastically affect infra- 
red astronomy in the years to come. The first of these is the introduction 
of one- and two-dimensional detector arrays. Such devices should provide 
a major increment in the sensitivity of infrared observations. A major 
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challenge to infrared astrononters will be to adapt these devices to fully 
exploit their capabilities. 

The second major advance in technology is the feasibility of long-life 
infrared space missions. These missions will increase the sensitivity of 
infrared observations by several orders of magnitude, and should 
revolutionize our picture of the infrared sky. With the beginning infrared 
space missions, Spacelab 2 and IRAS, scheduled for launch in early 1981, 
the next decade should see infrared astronomy grow even more rapidly 
than in the past. 
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ABSTRACT OF THE DISSERTATION 

An Analysis of Infrared Spectra of Some Gaseous Nebxilae, 
with Emphasis on the Planetary Nebula NGC 7027 

by 

Ray William Russell 
Doctor of Philosophy in Physics 
University of California, San Diego, 1978 
Professor Baruch T. Soifer, Chairman 

Infrared spectra from 2 to 13 ^m (with resolution A\/\ ~ 

0. 015«0. 02) of a variety of objects (including the planetary nebxilae 
NGC 7 0 27, BD + 30'3639. and IC 418; the galaxy M8 2; and CRL 915/ 
HD 44179) are discussed. The inclusion of 4 to 8 lim spectrophotome 
try obtained from the Kuiper Airborne Observatory is stressed, al- 
though the entire 2 to 13 ^m region is shown to be very useful in 
understanding the physical conditions and radiation mechanisms in 
these and other sources. 

A basic s\unmary of collisionally excited forbidden -line analy 
sis is presented, and the equations and parameters developed to 
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permit the identification of such lines in the astronomical data and 
their subsequent use in ion abundance calculations. For both NGC 


7 0 27 and BD + 30*3639 evidence is found for enhancement of several 


products of the a process, indicating substantial nuclear processing 


and mixing has occurred in the central stars of these planetary 


nebulae 


A possible identification of [Mg V] at 5.6 pm in the spectrum 


of NGC 7 0 27 is discussed. Ass\uning the identification is correct, one 


can argue not only that magnesium is overabundant, but also calculate 


a lower limit on the temperature of the central star of 1. 3* 10 K 


When the absorption of 'iltraviolet photons by oxygen ions is considered 


this limit is raised to 2 • 10 K 


ing optical observations to calculate the reddening to the source, which 


can be expressed as 1 . 5 extinction at . When previous radio 


very compact (< 0. 1"), or equivalently, a very high density (n > 


Broad strong emission features at 6. 2 ^m and 7.7 urn are seen 


for the first time in the spectrum of NGC 7027. This brings to five the 


number of such features discovered in the spectrum of NGC 7 0 27 and 


subsequently found in common in the other spectra discussed here 


6.2^m, 7. 7-7. 8 pm, 8.6 jam, and 11.3um. Various possible enussion 
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mechanisms for producing these features are considered, and that of 
structure in the emissivity curve of the material(s) emitting thermally 
at these wavelengths explored in some detail. 

In line with that approach to the problem, emissivity measure- 
ments on collections of small (2-5 |am), isolated particles have been 
obtained and are presented for a number of materials either suggested 
in the literature or considered reasonable candidates based on abtind- 
ance arguments and characteristic frequencies of vibration of molecu- 
lar groups found in such materials. Although carbonates, sulfates, 
and nitrates all have spectral features similar in some respects to the 
astronomical data, they are sufficiently different that no identification 
can be made at this time. The 6. 2 ^m feature may be due to water of 
hydration in some host material, as an ambrphous silicate with water 
of hydration exhibits a 6. 2 ^m feature quite similar to that seen in the 
data for NGC 7027. However, vintil the host material can also be 
identified, this must be considered a tentative identification. Other 
materials whose spectra disagree with the celestial data are discussed. 

Some avenues of future research in trying to understand the 
emission mechanism which produces these features include variations 
on the method of sample preparation to more closely approximate the 
astrophysical grain condensation process, consideration of molecular 
forbidden transitions, emission from organic species associated with 
the celestial grains, and fluorescence mechanisms. 


XX 
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The ubiquity of the em.'tting material (evidenced 1^ the pres- 
ence of the features in the spectrum of the galaxy M82, as well as in 
the spectra of a large variety of galactic objects) and the importance 
of the emission mechanism (indicated by the relatively large amount 
of energy radiated in the features compared to that in the continuum 
at these wavelengths) point out the crucial nature of this problem. 
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SPECTROPHOTOMETRY OF COMPACT H ll REGIONS 
FROM 4 TO 8 MICRONS 

R. C. PuETTER, R. W. Russnx, B. T. Soifhi,* and S. P. Willner 
r^*o«rtineat of Phyiics, Univonity of ColiforniA, S«n Diego 
Rteeivtd 1978 June S; acctpttd 1978 August 2! 

ABSTRACT 

Spectrophotometric obsemtioas from 4 to 8 /im of the compact H u regions WSI-IRS 2 
. and K3-S0 are reported. Two broad absorption features at -«6.0Min and 6.8 fim are observed 
in the spectra of WSI-IRS 2, and the 6.0^10 feature is seen in K3*S0. These features may be 
due to absorption by silicate grains. A more speculative identification it absorption by hydro- 
carbon molecules. The continuum flux from 2 to 13 /im it broader than emission from a single- 
temperature blackbody; this suggests a distribution of dust temperatures within the H n regions. 
Failure to detect hydrogen Pfund a in WSI-IRS 2 indicates significant 7.S tim extinction. Upper 
limits are placed on the abundance of At*. 


Subject headings: infrared: sources — infrared: 
1. INTRODUCTION 

H n regions have long been known to be strong 
emitters of infrared radiation (see Wvmn- Williams and 
Becklin 1974 for a review). Since the early observa- 
tions, it has been accept^ that the mechanism for 
producing the infrared emission is predominantly 
thermal emission by dust associated with the ionized 
gas. Among the brightest galactic infrared sources 
are the compact ratio H ii regions that have no optical 
counterparts. Throu^ 2-4||im and 8-13 spec- 
troscopy of these regions (Soifer, Russell, and Merrill 
1976, hereafter SRM; Gillett et al. 197S, hereafter 
GFMCS), identifications of major constituenu of the 
warm emitting dust and cold ab^rbing dust have been 
obtained. Furthermore, a quantitative estimate of the 
near-infrared extinction to these regions has been 
obuined from measuremenu of hydrogen recombina- 
tion lipes. 

In an effort to expand our understanding of these 
H n regions, we report here 4-8^ spectrophoto- 
metric observations of two compact H n regions, 
W51-IRS 2 and K3-50. W51 is a large complex of 
H n regions (Martin 1972) associated with a dense 
molecular cloud having a CO column density on the 
order of 10‘*cm"* (Scoville and Solomon 1973). 
Wynn-Williams, Becklin, and Neugebauer (1974) 
mapped the WSl region at 2 ^m and 20 (im and found 
a bright compact infrared source. IRS 2, to be co- 
incident with the radio source G49.Sd (Martin 1972). 
Deep absorptions at 3 and 10 fim indicate the 
presence of ice and a large column density of cold 
silicate dust, respectively (SRM, GFMCS), in the 
line of sight to the infrai^ source. In addition, there 
is considerable extinction at rear-infrared wave- 
lengths. SRM suggest the flux at By is down by a 
factor of about 10 from that expected on the basis of 
optically thin radio observations. 

* Abo California Institute of Technology. 


spectra — nebulae: general 

K3-S0 is also a bright infrared source associated 
with a compact thermal radio source (Neugebauer 
and Garmire 1970). This object shows lO^m silicate 
absorption (GFMCS) and significant near-infrared 
extinction, but only marginal evidence for 3 ^im ice 
absorption (SRM). Wynn-Williams et al. (1977) have 
shown that the previously assumed association of the 
infrared source with an optical H ii region in K3-S0 
was, in fact, incorrect. The radio and in^ared sources, 
however, are apparently coincident. A molecular 
cloud with CO column density ~ 4 x 10^* cm'* 
is associated with K3-50 (Wilson et al. 1974). 

n. OBSERVATIONS 

K3-S0 was observed on two flints and WSl-lRS 2 
ou one flight aboard the Kuiper Airborne Observatory 
in 1977 July. The observations were obtained with a 
variable filter wheel spectrophotometer having a 
spectral resolution A/AA s 6S and spanning the 
spectral range 4.1 to 8.0 The chopping secondary 
of the telescope permitted standard infrared beam 
switching with a separation of approximately 43*. 
The instrument and observing procedure were as 
described by Russell, Soifer, and Willner (1977), 
except that the detector was a PbSnTe photovoltaic 
cell. The beam diameter was 28' for both sources. 
The combined instrumental response and atmospheric 
transmission were determined by observing a Boo on 
each flight. The spectrum of a Boo was measured 
with respect to that of a Lyrae on one flight and is 
well fitted by a 40X) K blackbody with a 13% depres- 
sion at ~4.3 to 3.2 ^m due to CO absorption in the 
atmosphere of a Boo. The star a Lyr was assumed to 
have a blackbody spectrum of temperature 9700 K 
with an absolute flux density level of 4.07 x 10"“ W 
cm"*/xm"* at 2.2 ^m. The strength of the CO ab- 
sorption in a Boo, as determined by comparison with 
P Lyr, is consistent with that measured by Forrest 
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Fk>. I. — The 2 to 13 )tin spectra of WSi-IRS 2 end K3<50. The 4-8 iim spectra are from the present work. The 2-4 ^m data 
are from SRM, and the 8-14^ data are from GFMCS. The spectral resolution for aU the data is A/AA ~ 63, and error bars are 
shown for points whose sutistkal uncertainties are greater than 5%. For R3>S0 from S.4S to 7.41 >im, alternate points were 
obtained on different flights in most cases. 


(1974) from ground-based photometry in the S/im 
atmospheric window. In addition to narrow-band 
tpectrophotometric observations, broad-band photom- 
etry at 8.4 /im was obtained to allow dinxt com- 
parison with ground-based observations. The data 
are summarize in Figure 1, which displays the 
2-13 spectra. The 2-4 ^m data are from SRM, 
while the ^13 inn spectra are from GFMCS. 

m. DISCUSSION 
a) The Absorption Features 
The spectra of WSI-IRS 2 and K3-50 show a 
relatively flat continuum between 4 and 8/im with 
several apparent absorption features. The b.Ofita 
feature occurs in both objects, while the 6.8 itxa 
feature is apparent in WSI-IRS 2 and is possibly 
present in K3-S0. Both features are seen in the spectra 
of several protostellar objects (Puetter et al. 1978). 
These absorptions mi^t be attributed to silicate 
features, although this identification cannot be made 
definitive at this time. Some protosilicates produced 
in the laboratory show two absorptions between S.8 
and 7.0 ^m (Duley and McCullou^ 1977). Although 
no single sample correctly reproduces both observed 


features, this class of material must be regarded as a 
relatively likely identification for these bands due to 
the close wavelength agreements of these bands and 
the associated strong featureless 10 /im absorption 
known to be present in the materials. 

The 6.0 Mm feature could be attributed to water of 
hydration in silicate grains. It is well known that 
hydrated silicates constitute a considerable fraction 
of the mass of some meteorites (Mason 1962); thus 
it might not be surprising to find hydrated grains in 
interstellar space. Hydrat^ minerals show a vibration 
band associated with the bound water at about 
6. 1 Min, with the exact wavelength being dependent 
on the host material. 

One difficulty with the above identification is that 
hydrated silicates show an absorption at ~2.9-3.0 pm 
typically stronger than that shown at 6.1 Mm (Saksena 
1%1). The evidence for such an abso^tion in the 3 Mm 
spectra of these objects is weak or inconclusive, llie 
absorption feature at 3.08 Mm in WSI-IRS 2 appears 
to be strongest at a wavelength longer than that 
expected for bound water and has been identified with 
interstellar ice absorption (SRM). Furthermore, the 
relatively constant shape of this absorption (Merrill 
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Russell, and Soifer 1976) as seen in various objects 
would require a remarkably constant ratio of hy- 
drated material to ice among these different clouds. 
This seems unlikely, since the ratio of ices to silicates 
appears to vary widely within these same clouds. We 
therefore regard this identification as quite tentative. 

Carbonate minerals have a strong resonance band 
near 6.8 fim which might be identified with this 
absorption. We regard this identification as unlikely, 
because an expected carbonate band of comparable 
strength does not appear at A > 23 /*m (McCarthy, 
Forrest, and Houck 1978). A weaker carbonate feature 
at 11.3 Min that might be expected to appear is not 
seen (GFMCS), but the presence of the silicate ab- 
sorption makes the absence of this feature a weaker 
constraint In addition, the presence of carbonates in 
interstellar material is doubtful, on the basis of infra- 
red spectra where the ll.B^m band had previously 
been seen in emission (Russell, Soifer, and Willner 
1977). 

Because none of the above identifications of the 
absorptions at 6.0 and 6.8 are completely satis- 
factory and because the H ii regions are viewed 
through larp column densities of cold molecular 
cloud material, more exotic identifications associated 
with this material might be considered. Both the 6.0 
and 6.8 mui bands coincide with frequencies common 
to hydrocarbon bonds. The 6.0 /xm abso^on may 
be due to aliphatic carbonyl groups (C— O, not 
associated with ring structures) that arise from the 
oxidation of hydrocarbons, and the 6.8 i^m band may 
be caused by the bending vibration of CHa oi CHj. 
The structural group C»C also has a feature at 6.0 ^m, 
but the integrated band intensity is probably too small 
for this to be a correct identification. It has been 
shown that complicated hydrocarbons exist in mo- 
lecular clouds (Zuckerman and Palmer 1974), so 
perhaps this wavelength coincidence is more than 
random chance. Hydrocarbons would also be ex- 
pected to show a feature near 3.3-3.4Mm due to 
C— H stretching. In fact, the “ice” band at 3.1 
has a longer-wavelength wing that cannot easily be 
attributed to HjO al^rption or scattering (Merrill 
et al.'). 

The column densities of functional groups required 
to explain the absorption features as hydrocarbons 
can be calculated from the observed equivalent widths. 
The integrated band intensities. A, of these functional 
groups are well known and are found to be essentially 
independent of the nature of the molecule in which 
they are contained (Wexler 1967). The column 
density 

S - 2.62 X liywW'/t-'A-* cm-» , (1) 

where A is in units of ICi* liten cm"* mole"‘ and W 
and A are in microns. 

For the aliphatic carbonyl group A is approximately 
I (Wexler 1967); thus the required column density of 
this group for both K3-50 and WSI-IRS 2 is roughly 
1/20 the observed ;adio CO column density. For CH^ 
and CH3, the value of A is roughly 0.07 for the ab- 
sorption band at 6.8 Mtn- The inferred column density 
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of CH, and/or CH, is one-half to ~ one-quarter 
that of the observed radio CO. These column densities 
are most probably too high for the molecules to be in 
the gas phase, on the basis of molecular abundances 
inferred from radio observations (Allen and Robinson 
1977, and references therein). Molecules adsorbed on 
dust grains, however, would not generally be detected 
by radio observations and might provide the necessary 
column densities to produce the observed infrared 
features. It must be emphasized that the presence of 
hydrocarbons in such large abundances has not been 
demonstrated. This possibility should be considered 
speculative, unless silicates can be shown to be in- 
compatible with the observations or some other 
evidence for large quantities of hydrocarbons can be 
found. 

There is an apparent absorption at 4.7 Mm in the 
spectrum of WSI-IRS 2. A similar feature appears in 
the spectra of two protostellar objects (Puetter et al. 
1978) and possibly BN (Russell, Soifer, and Puetter 
1977). If real, the most obvious identification of this 
feature is with absorption in the fundamental vibra- 
tion-rotation band of CO. Kigh-spectral-resolution 
observations (Hall et al. 1978) have revealed the 
presence of CO absorption at 4.7 Mm in BN. The 
equivalent width of the absorption in WSI-IRS 2 
(0.01-0.03 Mm) is comparable to that derived from the 
observations of Hall et al. for BN. 

b) The Continuum 

The overall continuum from 2 to 13 Mm in WSI- 
IRS 2 and K3-S0, like that in many other H 0 regions, 
is quite flat, much broader than expected from any 
single-temperature blackbody. The emission from 
small dust grains at a single temperature and possessing 
a A~* emissivity dependence would be even narrower. 
Thus simple models incorporating only a single tem- 
perature for the emitting dust in the H u region 
(e.g., GFMCS) are not sufficient to explain all the 
observations. More detailed models of H n regions, 
such as those described by Panagia (I97S) and Natta 
and Panagia (1976), predict that a relatively small 
fraction (less than of the dust heating within 
the H II region is produced by the trapped La emission. 
These models suggest substantial ^adients in the 
dust temperature within the H 11 regions and would be 
consistent with our observations. 

Another possible explanation of the observations 
is that several distinct objects dominate the observed 
flux at different wavelengths. If, for example, the 
Orion Nebula were observed from 10 times farther 
away (as in WSl), the BN source, the KL nebula, and 
the Trapezium region would all be included in the 
observed spectrum, and the result would be very 
difficult to unravel. 

Both of these possibilities are amenable to ob- 
servational tests. Both predict a wavelength-depradrat 
size of the infrared source, with the source size in- 
creasing as the wavelength increases. Indeed, just 
such a behavior has been found for WSI-IRS 2 by 
Wynn-Williams, Becklin, and Neugebauer (1974). 
They found that the source diameter changes from 
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TABLE I 
Emission Lines 


Ptrameter W51-IRS2 K3-50 Unit 


R«dio nux» 14.7 5.2 Jy 

Pfa 7.46 itm flux <9 <11.5 10-‘*Wcm** 

(Ar a] 6.98 flux <14 5±3 10*** W cm'* 

MAr ♦)//!( At) <0.3 0.3 ± 0.2 

lAr mj 8.99 Mm fluxt <6.5 <6.5 lO'** W cm** 

/KAr* ♦)/!!( Ar) <0.4 <1.2 


* 10.6 GHz radio flux density from Feili tt al. 
t 8.99 Mm line flux upper limit from GFMCS. 
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less thao 2' at 4.8 M>n to S' at 20 However, the 
single H n region model would require the position 
of the center of the infrared source to remain the 
same, while this position might change as a function 
of wavelength if the multiple-source model is valid. 
Such observations have b^n made for K3>S0 by 
Wynn-Williams et al. (1977). To within 1*, or 0.05 pc, 
the radio, 2 ^tn. and 10 /im positions agree. 

As previously suggested (Natta and Panagia 1976, 
and references therein; Willner 1977, and references 
therein), if the infrar^ emission raises from dust 
interior to the H it region, this region may have a 
normal dust*to-gas ratio. Previous estimates of large 
dust depletion in H ii regions (e.g., GFMCS; Soifer 
and Pipher 197S) refer only to the dust hot enough 
to emit subsuntially near 10 mRI and thus neglect the 
larger mass of colder material that should exist within 
the H It region. 

c) Hydrogen Recombination Line Pfund a 

The hydrogen (6-5) recombination line at 7.46 /im 
(Pfund o) was not observed in either source. Three 
sigma upper limits are given in Table I. The expected 
line flux was calculate on the basis of 10.6 GHz 
radio observations (Feili, Tofani, and D’Addario 
1974) and unpublished b{n, 1) values calculated by 
Brocklehurst (1971). In W51-IRS 2 the expected flux 
is 30% greater than the upper limit, consistent with 
the 0.7 mag of extinction estimated by extrapolating 
the extinction at By (SRM) to 7.46 /im with a A"* 
law. In K3-50, the upper limit is larger than the 
predicted flux and places no bound on the extinction. 
In the following section, 0.7 mag of extinction will be 
assumed to apply at 6.98 /tm for both W5I and K3-50. 

d) The Argon Fine-Structure Lines 

Emission lines from fine-structure transitions in 
heavy elements have been predicted to be quite .trong 
from repons such as W51-IRS 2 and K3-50 (Petrosian 
1970; Simpson 1973). Ihe strongest such line in the 
4-8 ^m region is the 6.98 ;im line of [Ar ii]. This line 
is only marginally present in K3-50 and is not seen in 
W51-IRS 2, as shown in Table 1. The ionic abun- 
dances were calculated from the collision strength of 
Krueger and Czyzak (1970) and the transition prob- 
ability given by Wiese, Smith, and Miles (1969) for 


an assumed electron density of 10*cm~* and tem- 
perature of 10* K. These abundances, corrected for 
extinction, are given relative to the cosmic abundance 
of argon (Allen 1973) in Table I. Similar upper limits 
are given for the line flux and abundance of Ar", 
based on the data of GFMCS. In W51-1RS 2, argon 
either is underabundant or is in higher ionization 
states. In K3-50, the limits are weaker, but probably 
most of the argon is more than singly ionized. The 
nondetection of the [Ne ii] 12.8 ixtn fine-structure fine 
in the same regions (GFMCS) suggests that most of 
the argon should be at least triply ionized. 

IV. SUMMARY 

The present observations of the compact H ii 
regions K3-50 and W51-IRS 2, combined with other 
infrared spectroscopic observations of these regions, 
lead us to the following conclusions: 

1. Two broad absorption features at 6.0 /^m and 
6.8 Min are observed in W51-1RS 2, and the 6.0 mRI 
feature is seen in K3-S0. The most plausible explana- 
tion of these bands is absorptions by silicate minerals; 
however, a unique identification does not appear to 
exist at this time. Hydrocarbon absorptions could 
also explain both features, but must be regarded as a 
much more speculative identification. 

2. There is evidence for absorption due to the 
fundamental band of CO in W51-IRS 2. 

3. The continuum flux distribution in these sources 
is broader than a single-temperature blackbody and is 
consistent with a distribution of dust temperatures 
within the H ii regions. 

4. The absence of Pfund o in W51-IRS 2 implies a 
finite extinction at 7.46 fim. The amount of extinction 
is consistent with a A~i extrapolation from 2.17 fim. 

5. Most of the argon is probably more than singly 
ionized in both sources and more than doubly ionized 
in W51-IRS 2. 

We would like to thank C. M. Gillespie and the 
entire staff of the Kuiper Airborne Observatory for 
their help in making the observations. We also thank 
F. C. Gillett and Kitt Peak National Observatory for 
the loan of the PbSnTe detector and D. N. B. Hall 
and W. J. Forrest for discussions of their observations 
in advance of publication. This research was supported 
by NASA under grant NGR 05-005-055. 
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ABSTRACT 

Observations of the complex Sgr A W(N) with a 28' beam and 1.5% spectral resolution are 
reported. Neither unidentified abMtption features at 6.0 and 6.8 pm nor emission features at 6.2 
and 7.7 Min were detected. The absence of the absorption features demonstrates that they are not 
characteristic of general interstellar extinction. The absence of emission features suggests that 
there is considerable distance between the ionized gas and the molecular clouds. The absence of 
6.2 and 7.7 Mm emission features also suggests that a feature previously seen at 3.J-3.4 Mm is an 
absorption at 3.4 mid, and this abso^tion is apparently characteristic of interstellar extinction. 
The strength of the [Ar n] emission indicates an overabundance of argon. CO absorption seen at 
4.67 Mm indicates that saturation effects are not large, and there is evidently a large velocity dis- 
persion in the line of sight to the infrared sources. 

Subject headings: galaxies: Milky Way — gala.xies: nuclei — infrared: spectra 


L introduction 

The galactic center contains a complex of infrared 
sources discussed most recently by Becklin et d. (1978a) 
and Rieke, Telesco, and Harper (1978). The sources 
are embedded in an H n region, as demonstrated by 
radio observations (see, e.g., Ekers et d. 1975). The 
infrared radiation from the sources can also act as a 
probe of interstellar extinction, because the total e.x- 
tinction to the various sources is essentially uniform, 
although there are probably variations at the 20% 
level (Becklin et d. 19785,' Rieke et d. 1978; Knacke 
and Capps 1977). The extinction to the galactic center 
is thought to be general interstellar extinction, rather 
than associated with particular molecular clouds (Soifer, 
Russell, and Merrill 1976; Becklin et d. 19785). 

The wavelength range of 4 to 8 Mm contains many 
important spectral features: unidentified emission fea- 
tures at 6.2 and 7.7 Mm that have usually been seen 
whenever dust, molecules, and ultraviolet radiation 
are present (Russell, Soifer, and Willner 1978, and 
references therein); the fundamental CO band at 4.7 
Mm; unidentified absorption features at 6.0 and 6.8 Mm; 
and an [Ar n| fine-structure line at 6.99 Mm. This Letter 
reports exploratory observations in this spectral range 
to see which features are present. The spatial resolution 
of 28' is too low to permit observations of individual 
sources, but the general nature of the source complex 
and some properties of the extinction are discussed. 

n. OBSERVATIONS 

Observations were obtained aboard the Kuiper .\ir- 
bome Observatory on a Sight from Moffett Field to 


Honolulu (1978 May 16 UT) and on a flight based in 
Honolulu (May 18). The beam size was 28', the 
reference beam was 1' separated in azimuth, and the 
spectral resolution X/AX was '^65. The position of 
largest 6.5 Mm surface brightness was observed, cor- 
responding to the complex of sources called Sgr A W(N) 
(Rieke et d.). \ standard was observed on each flight, 
but the on-board water-vapor measurements (Kuhn, 
Magaziner, and Steams 1976) showed somewhat lower 
water vapor during most of the galactic center observa- 
tions than during the standard observations. The data 
taken with lower water vapor were compared with 
observations of a Boo obtained on a subsequent flight 
from Honolulu (May 20). Every fourth point in the 
spectrum was measured consecutively, followed by a 
broad-band measurement and then a measurement of 
a different set of points. The results are presented in 
Figure 1, which wows that excellent agreement was 
obtained among the various passes through the spec- 
trum. All of the data in Figure 1 from 5.6 to 8.0 Mm 
were in fact obtained on the May 18 flight; the earlier 
data had a somewhat poorer signal-to-noise ratio-. 
Clouds were encountered during parts of both flights. 
The presence of clouds could be determined by large 
values and rapid fluctuations of the indicated water 
vapor, by their visibility in the wide-field acquisition 
camera, or by visual observations by the aircraft pilots. 
.All data that were in any way questionable have been 
omitted from Figure 1, although inclusion of the omitted 
data would not have changed the spectrum significantly. 

Fi^re 1 also displays 2 to 4 Mm data obtained with 
a 17* beam (Soifer, Russell, and Merrill 1976) and a 
smoothed version of 8 to 13 Mm data obtained by Gillett 
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Fio. 1.— The 2-13 «un spectrum the geUctic center. The 2-4 Mm portion U from Soifer, Russell, and Merrill (1976) and the 8-13 Mm 
irtion from Woolf (1973). Both were multiplied by 1.72 to normalize to the 4-8 Mm data, and the 8-13 Mm data were smoothed. Error 
LTs are shown on the 2-8 Mm data whenever the statistical uncertainty exceeds S%. 


and Woolf (Woolf 1973) with a 22* beam. The latter 
data show a deeper 9.7 /sm silicate absorption than the 
data of Becklin et al. (1978a) obtained with a 5* 
beam. The ground-based data have been multiplied by 
1.72 to normalize them to the airborne measurements. 
The factor of 1.72 for both the 2 to 4 and 8 to 13 ^m. 
data was determined from the 16' beam observations 
of Becklin and Neugebauer (1969) and from broad- 
band measurements with the KAO. .‘Mso marked in 
Figure 1 are the wavelengths or identifications of 
various spectral features. The only features plainly 
seen in the new data are an absorption at 4.7 um, the 
wavelength of the fundamental band of CO, and the 
[Ar n| emission line at 6.99 >im. 

The continuum shown in Figure 1 is much broader 
than a blackbody. Most of the emission beyond 3 mhi 
is thought to be due to heated dust (Becklin and 
Xeugebauer 1969), and the width implies that there is 
a distribution of dust temperatures. In this respect, 
the galactic center is similar to H n regions rather than 
to compact “protostellar” sources. 

in. BROAD FEATI7RES 

One of the most remarkable aspects of the spectrum 
in Fi^re 1 is the absence of any of the unidentified 
emission features seen in many planetary nebulae and 
H n regions. Two of the most promment features 
should occur at 6.2 and 7.7 tim, but there is no evidence 
for them in the observed spectrum. These emission 
features generally are seen whenever heated dust, 
molecules, and ultraviolet radiation occur together. 
Although there may be a few instances where the 
features would be expected but are absent, such as the 
evolved object GL 618 (Russell et al.), the presence of 


the emission features seems to be independent of the 
spectrum of the ultraviolet source. The evidence for 
the association of heated dust and ultraviolet radiation 
in the galactic center is clear (Rieke, Telesco, and 
Harper 1978; Becklin et al. 1978a; Lacy et al. 1979). 
Molecules are also present, but their location relative 
to the heated dust and ionized gas is not w'ell established 
(Oort 1977). Though no conclusion can be definite 
until the emission features are identified, we tentatively 
suggest that the interface between the ionized and 
molecular gas contains relatively little mass. In other 
words, the H n regions appear to be density-bounded 
and separated from the molecular clouds, and there is 
no prominent ionization front. 

(5ne absorption feature is seen near 4.67 am, the 
wavelength of the fundamental vibration-rotation band 
of CO. The CO toward the galactic center has a l^e 
velocity dispersion ((Dort 1977) permitting efficient 
absorption to occur. To produce the observed etjuiva- 
lent width of 4.8 cm“‘ (-0.010 am), a minimum 
column density of CO molecules of 5 X 10*^ cm"’ 
(Burch and Williams 1962) is required.* A larger 
column density would be needed if the lines in the band 
are saturated. The depth of the silicate absorption and 
the near-infrared extinction (Becklin et al. 19786) com- 
pared with the visual extinction of f Oph imply a total 

* The measurements of Burch and Williams refer to a temMr- 
ature of 273 K. If the CO is colder, fewer rotational levels wiU be 
populated. The transition probability is proportional to the 
angular momentum /. and /* is approximately proportional to 
T (see, e.g., Kovacs 1969). Tnus at a temperature near 70 R, the 
inte^ated band intensity will be halved, and the implied column 
density will be doubled. The temperature is uncertain but is 
likely to be less than 273 K, so the value for that temperature 
is us^ to give a lower limit on the column density. 
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hydrogen column density of about (0.3 to 3) X 10*' 
cm~*. At least 2% of the cosmic abundance of carbon 
is thus in the form of CO, comparable to the value 
found for f ^h (Morton 1975). The usual estimate 
for this fraction in molecular clouds is 10%, but, as 
discussed by Oort (1977), that value may be too low 
for the galactic center. Nevertheless, the saturation of 
the CO band does not apf>ear to be larger than an order 
of magnitude, and thus a wide velocity dispersion is 
probably required in the CO directly in front of the 
infrared sources in order to produce the observed 
absorption. The velocity dispersion seen in the radio is 
therefore likely to occur along the line of sight, rather 
than only in separate clou(£ included in the larger 
radio beam. 

The absence of 6.2 and 7.7 /im emission features 
suggests that there should be no 3.3 nm emission, 
because the features normally occur together (Russell 
et al.). It therefore appears likely that the structure in 
the spectrum at 3.3-3.4 (Soifer, Russell, and Merrill 

1976) is an absorption at 3.4 rather than emission at 
3.3 iim. The feature appears with approximately the 
same strength in both 17' and 8T5 beams and in the 
difference spectrum, so it is more likely to be associated 
with interstellar absorption than with any particular 
source. No ice absorption was seen in any of the three 
spectra (Soifer, Russell, and Merrill 1976). 

An absorption at 3.4 has also been seen in the 
spectrum of the heavily reddened star M Cygni No. 12 
(Merrill, private communication). Such a feature may 
also be present in the spectrum of the infrared source 
W33 A (Capps, Gillett, and Knacke 1978), but if so it 
is relatively weak compared with the extremely strong 
ice absorption seen in that source. The 3.4 urn feature 
is thus probably characteristic of interstellar absorp- 
tion. In the galactic center, it has a peak optical depth 
of about 3% of the 9.7 um silicate optical depth. 

A molecular identification of the 3.4 nm absorption 
might be possible, because the existence of molecules 
along the line of sight is demonstrated by the CO 
absorption. The best candidates are probably the 
stretching vibrations of methyl and/or methylene 
groups, occurring between 3.35 and 3.50 Mm. These 
bands are the strongest exhibited by these groups, so 
no other features would be expected to appear in the 
data. The integrated band intensities (Wexler 1967), 
together with the measured equivalent width of 0.014 
Mm, imply a minimum column density of functional 
^oups of 9 X 10*’ cm~* (Puetter el al. 1979). Molecules 
in the required abundance are very unlikely to exist 
in the gas phase (Morton 1975), but observations do 
not rule out the inferred column density of molecules 
or radicals as mantles on grains. Acceptance of this 
identification must, however, be reserved until further 
observational evidence for the existence of molecular 
mantles is found. 

Two other features which might be expected to 
appear in the galactic center spectrum are absorptions 
at 6.0 and 6.8 Mm seen in compact H n regions (Puetter 
et al. 1979) and several “protostars” (Puetter et al. 

1977) , including most prominently W33 A (Soifer et al. 
1979). Figure 1 shows neither absorption feature, al- 
though there is an inflection near 5.6 Mm that could 


px>ssibly be interpreted as due to a very broad, shallow- 
absorption centered at 6.0 Mm. The 6.0 and 6.8 Mm 
absorptions were suggested to be due to silicates; as 
can be seen from Figure 1, the galactic center suffers 
as much silicate extinction near 10 Mm as many of the 
sources in which 6.0 and 6.8 um absorptions were seen. 
The only difference that we can ascribe to the galactic 
center is that the absorption toward the galactic center 
is not due to cold, high-density molecular cloud ma- 
terial, as evidenced by the absence of ice absorption at 
3.1 Mm (Soifer, Russell, and Merrill 1976) and by the 
uniform amount of absorption (Becklin et al. 19785). 
Perhaps only silicates that have been hydrated or 
otherwise processed in molecular clouds are capable of 
absorbing selectively at 6.0 and 6.8 Mm. .Another possi- 
bility is the speculative identification of the absorp- 
tion features as due to hydrocarbon molecules (Puetter 
et al. 1979), which would occur only within molecular 
clouds. This identification may be somewhat strength- 
ened if the 3.4 Mm feature is identified with CH« and 
CHt. Depending upon the exact molecule, the 6.8 Mm 
feature would be weadter than the one at 3.4 Mm 
(Wexler 1967), consistent with the absence of a 6.8 Mm 
absorption in the observed spectrum. If this identifica- 
tion of the 6.0 and 6.8 Mm features is correct, the small 
absorption at 3.4 Mm would arise from those hydro- 
carbons that are sufficiently suble to exist in relatively 
unshielded interstellar space. 

nr. EIOSSION LINES 

The most prominent feature in the 4 to 8 Mm spec- 
trum is the emission feature at 6.99 Mm identified as a 
fine-structure line of [Ar n]. A number of other emission 
lines have been seen from approximately the same 
region, and these are listed in Table 1. The interpreU- 
tion of the emission lines and their identification with 
individual sources within the galactic center complex is 
complicated, because the lines are broad and consist 
of many velocity components (Lacy et al. 1979). 
Nevertheless, large beams probably t^e similar sums 
over the emitting regions for all lines, and it is reason- 
able to compare the results. Comparison with radio 
observations is more difficult. Ekers el al. (1975) find 
26 Jy at 5 GHz in a 0(6 X 1' beam, implying a bright- 
ness temperature of 800 K. Their map, on the other 
hand, shows a peak brightness temperature of 660 K. 
In order to piWict the fluxes of infrared lines, we 
adopt the larger brightness temperature. Table 1 shows 
the predicted fluxes in various emission lines, based on 
the extinction curve adopted by Becklin et of. (19785) 
and a constant radio surface brightness. The predicted 
fine-structure line fluxes are ba^ on the assumption 
that each ionic abundance equals the cosmic abundance 
of the element (Allen 1973). Also shown in Table 1 are 
the measured line fluxes tJirough various beam sizes; 
in each case, the beam size of the observation was used 
to calculate the predicted flux. Collision strengths and 
transition probabilities were taken from Osterbrock 
(1974), and a temperature of 10‘ K and electron 
density of lO* cm"' were assumed. 

Comparison of the predicted and measured fluxes in 
Table 1 suggests a factor of 2 overabundance of argon 
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TABLE 1 
Lins Fluxss 


Predicted Measured 

X Extinction Flux* Flux Beam Sixe 

Line (Mm) (magnitudes) (10"“ W m”*) (10"“ W m"*) (arcsec) Reference 


By 2,17 2 70 O iW 1.1±01 32 

lArll) 6 99 0 70 31 64±12 28 

Arm] 8 99 2.96 0.3 0.3 7 

[Nenl 12.81 1 14 62 78±7 23 


* Including effect of extinction. 

Rssesences.— > Becklin et al. 1978c; * this LtUer; 

and a slight overabundance of neon. If the correct 
radio flux density is found to be lower, these over* 
abundances anil increase. Such large abundances of 
singly ionized species suggest that the H n regions in 
the galactic center are ionized by relatively cool stars, 
as also suggested by Aitken et al. (1976) and Lacy et al. 
(1979). 

V. CONCLUSIONS 

The absence of strong 6.0 and 6.8 nm absorption 
features in the spectrum of the galactic center implies 
that they are not characteristic of normal interstellar 
extinction, but rather that only material in molecular 
clouds produces these absorptions. Wliether they come 
from hydration or other processing of silicate grains or 
from the formation of molecular mantles is not known. 
At 3.4 Mm, there is absorption that is apparently 
characteristic of normal interstellar material, and 
which may be due to CHt and/or CH| groups. 

The 6.2 and 7.7 unidentified emission features 
are not seen. The lack of detection of these bands, 
probably characteristic of interface regions between 
molecular clouds and H n regions, suggests that the 


' Lac>’ It al. 1979; * AiUen «< al. 1976. 

galactic center H n regions may be density-bounded. 

The large absorption found in the fundamental vi- 
bration-rotation band of CO requires subsuntial veloc- 
ity dispersion in the material in a column in front of 
the infrared sources. 

The observed [.\r n] flux implies that argon is over- 
abundant in the galactic center compared with the 
vicinity of the Sun. A relatively low excitation level is 
also probable. 
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Abstract. The infrared spectra between 2 and 13 |im of a variety of objects have become available 
in the past few years. These spectra have shown many objects to have up to six emission features 
that are still unidentified Other objects show absorptions due to ice. carbon monoxide, silicates, 
and two unidentified features. The observational characteristics of the unidentified features are 
discussed here, together with several possible identihcatiuns. 


1. Emission Features 

The emission features were all discovered in NCC 7027, but at different times and 
by different observers. The infrared spectrum of this high-excitation planetary nebula 
is shown in Figure I (Russell el a!.. 1977). From 2 to 3 |xm the emission is due to 
recombination processes, while the general rise from 4 to 13 |xm is thought to be due 
to thermal dust emission. The five features whose wavelengths are marked in the 
figure, as well as the 3.4 |xm wing of the 3.3 urn feature, are the unidentified features 
under discussion. These features occur together in many objects, including the low- 
excitation planetary nebula BD +30 3639, several optical H ii regions such as NGC 
7538, the central H n regions in the galaxy M82, and a star surrounded by dust 
(HD 44179). In these objects, the relative strengths and shapes of the features are 
much the same, although the equivalent widths vary. 

The earliest explanation for the emission features was that of emissivity peaks in 
inorganic material constituents of the dust. For example. Gillett et ai. (1973) pro- 
posed that the 1 1.3 (im feature, the first to be discovered, was due to mineral car- 
bonates. With wider spectral coverage and with the addition of measurements of 
inorganic compounds in our laboratory, it now seems that, at most, one of the 
unidentified bands can be due to thermal emission by inorganic minerals. The single 
possible candidate is water of hydration, which in most minerals produces a peak 
near 6.2 jim and no other features that are comparably strong. An example of such 
an emission peak in a silicate is given by Russell (1978). However, if the observed 


• Invited contribution to the Proceedings of a Workshop on Thermodynamics and Kinetics of 
Dust Formation in the Space Medium held at the Lunar and Planetary Institute. Houston, 6-8 
September, 1978. 


Astrophysics and Space Science 65 (1979) 95-101. 0004-640X 79 065 1-0095 $01 .05 
Copyright ^ 1979 by D. Reide! Publishing Co., Dordrecht, Holland, and Boston. U.S A. 


96 


t. r. wiLLNiR rr *l. 



Fi(. I. The 2 lo 13 (tm spectrum ol NCC 7027. Filled triangles have a resolution of 3%, and 
other points have a resolution of about 2*',. Statistical uncertainties greater than i\ are shown. 
Unidentified emission features are marked, as are the wavelengths of various atomic transitions. 


6.2 (im feature is due to water of hydration, the difficulty of identifying the underlying 
mineral and the rest of the features remains. All minerals suggested as identifications 
for the other emission bands have at least one additional emissivity peak at a wave- 
length where no peak is observed in the celestial sources. 

There is still one possible way that inorganic minerals could contribute to the 
observed features. Giliett has suggested that the features may be excited by fluores- 
cence, in which case it might be possible for only one infrared mode to be excited. 
A theoretical investigation of this possibility is certainly needed. Observationally 
the features have been seen only from regions where ultraviolet radiation is known 
to be present. Further observations to test this association are clearly required. 

Thermal emission by carbonaceous minerals was proposed by Knacke (1977) to 
contribute to some of the unidentified features Such minerals are known to be 
present m the interplanetary medium. The CH stretching at 3. 3-3. 4 (xm is particularly 
promising, but it is difficult to see how the 6.2, 7.7, 8.6 and 1 1.3 fxm features could 
be produced. 

A very different possibility for the origin of the emission features is that they are 
due to molecules, either in the gas phase or attached to the grains. Grasdalen and 
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Joyce (1976) proposed that CH* excited by electron collision is responsible for the 
3.3 (Ain feature. Herzberg (as quoted by Black) and Black (1978) have suggested 
that HeH * and OH excited by ultraviolet radiation might produce the 3.3 |xm 
feature. All these molecules have relatively large routional constants, and if such gas- 
I phase molecules are responsible for the 3.3 |im emission, observations with 10 cm*' 
' or better spectral resolution should separate the rotational lines. Allamandola and 

I Norman (1978) have proposed various molecules in ice mantles on grains for all 

the features. A possible difficulty with such proposals has been that for the estimated 
molecular abundances and excitation cross>sections. the efficiencies required are very 
high. In NGC 7027, for example, if the infrared bands are produced by ultraviolet 
fluorescence, each ultraviolet photon emitted by the central star must produce about 
three infrared photons in the emission bands. Such efficiencies require every ultra- 
violet photon to be absorbed by molecules, perhaps after conversion to Lyman-a 
(Black. 1978). The most promising single molecule is perhaps CH|. which has funda- 
menul bands at 3.3, 3.4 and 7.7 ;Am. Another promising candidate molecule, HjO, 
has bands at 6.2 and ll.3fxm. although the wavelength agreement for the latter is 
not entirely satisfactory (Allamandola and Norman, 1978). 

There are two additional observations that may bear on the origin of the emission 
features. In the region of the Orion nebula, the 6.2 and 7.7 |xm features are strongest 
near the edge of the H ii region and decrease in equivalent width nearer the center, 
where the silicate emission feature becomes prominent. Higher spatial resolution 
observations (Aitken et al., 1979) have shown that the ll.3!xm feature arises just 
outside the ionized region. Thus, it seems that the material responsible for the features 
may originate in the molecular cloud and either does not penetrate to or is destroyed 
within the H ii region. 

The second observation bears on the question of whether the emission features 
are characteristic of carbon- or oxygen-rich chemistry. It has been found that at least 
the 3.3 (xm feature occurs in 1C 418. a planetary nebula that apparently shows silicon 
carbide emission (Willner ei aL, 1979a) and thus can be considered to be carbon rich. 
The shape of this 3.3 )xm feature is different from that in most other objects, however, 
in that it lacks the 3.4 jxm wing. The presence of the other emission features is also 
doubtful. This observation suggests that at least one 3.3 fxm feature is associated 
with a chemical mixture where carbon is more abundant than oxygen. On the other 
hand, the emission features are seen in the Orion Nebula and the galaxy M82 (Willner 
et al., 1977). where oxygen is thought to be more abundant than carbon. 

2. Absorption Features 

•A typical spectrum having absorption features is shown in Figure 2. NGC 7538- 
IRS 9 is a compact infrared source associated with a large H ii region, molecular 
,1 cloud complex (Werner <-/ al.. 1979). The absorptions at 3.1, 4.7 and 9.7 jxm are 
attributed to ice. gaseous carbon monoxide, and silicates, respectively. The features 
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Fig. 2. The 2 to 1} iim spectrum of NCC 7S38£. The infrared emission is dominated by the 
compact sourcx IRS 9 (Werner ei at., 1979). The spectral resolution is about 27., and statistical 
uncertainties greater than 3% are indicated. The line representing a 450 K blackbody radiation is 
intended' to sho<« the general shape of the spectrum rather than necessarily to represent a con- 
tinuum. Tie unidentified features at 6.0 and 6.8 /tm are marked. 


at 6.0 and 6.8 |xm are unidentified. These features are seen in at least six sources, 
mostly associated with molecular cloud complexes. The depths of the 6.0 and 6.8 ixm 
features are not correlated with the depth of the silicate feature but do appear to 
increase when the ice absorption is strong. In particular, the strongest features occur 
in the OH source W33A (Soifer <•/ a/., 1979), which has the strongest known ice 
absorption (Capps et al.. 1978). On the other hand, the features are weak or absent 
in the spectrum of the galactic center (Willner el al., 1979b). which has no ice absorp- 
tion and which is thought to be subject to interstellar rather than to molecular cloud 
type extinction (Soifer et al.. 1976; Becklin cl al., 1978). The lack of correlation with 
the 9.7 (im feature and the fact that the unidentified features are present only when 
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ice absorption is present suggest that the unidentified features, like the 3.1 |im ice 
feature (Gillett et a!., I97S), are characteristic of molecular cloud material rather 
than general interstellar material. 

One plausible identification of the 6.0 and 6.8 (im features is absorption by amor* 
j phous silicate grains. Some laboratory protosilicates (Duley and McCullough. 1977) 

* have two features between S.8 and 7.0 (im, although no sample matches the wave- 

* lengths of the astronomical features. K. L. Day has informed us that features be- 
tween S.8 and 7 |xm normally appear in amorphous silicates produced in aqueous 
solution. Silicates produced by condensation from vapor also have such features 
(Stephens and Russell. 1979), but again do not match the wavelengths of the astro- 
nomical features. We do not know the molecular or solid state mode that produces 
the features, and it is therefore difficult to assess the importance of the wavelength 
disagreement. Also, the large depth of the absorption features relative to the 9.7 |im 
feature seen in W 33A has not been seen in laboratory samples. More laboratory 
work to attempt to produce a silicate with sufficiently deep features at the correct 
wavelengths is needed. 

One additional difficulty with the identification of the 6.0 and 6.8 |xm features as 
silicate absorption is the apparent absence of these features in general interstellar 
material, while the 9.7 (im silicate feature is present (Gillett et a/., 1975; Merrill 
et a!., 1976). If a silicate identification is correct, the silicates must somehow be pro- 
cessed in molecular clouds to give them absorption bands near 6.0 and 6.8 |xm. 

A second, perhaps more speculative, identification is molecular absorption features. 
The 6.0 (im absorption could be due to stretching of a carbonyl (C=0) group in a 
hydrocarbon molecule. The exact wavelength of the C=0 stretching is sensitive to 
the environment of the functional group and is at the observed wavelength if the 
molecules are adsorbed on certain surfaces (Little. 1966), if the group is subject to 
hydrogen bonding as in a carboxyl (Rao, 1963), and under various other conditions. 
The 6.8 |xm feature would be primarily due to bending of CHg. possibly with some 
contribution from CHs. CaC might also contribute to the 6.0 (im feature, but the 
bond intensity is too small compared to that of the CH2 group for CaC to be the 
major absorber (Wexler, 1967). One attractive feature of explaining the 6.0 and 6.8 
ixm features as hydrocarbon absorptions is that the CH stretching absorption would 
occur between 3.3 and 3.S t^m, where there is apparent absorption that cannot easily 
be attributed to ice. The major problem with these molecular identifications is that 
the required abundances of hydrocarbons arc very large; towards two compact H 11 
regions, for example, for every twenty CO molecules indicated by the radio observa- 
tions. one C=0 group and five to ten CHj or CH3 groups in hydrocarbon molecules 
, are required (Puetter et al., 1979). These abundances are far too large for the molecules 
to be present in the gas phase, but molecules could be present as coatings on dust 
grains. Recent observations (Wooten et al., 1978) have shown that the gas-phase 
,1 abundance of simple molecules actually is lower in the densest molecular clouds than 
in less dense ones. If large abundances of hydrocarbons are present, it will necessarily 
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alter our understanding of the composition of dust grains and the chemistry of 
molecular clouds. 


3. Summary 

If the various emission and absorption features can be definitely identified, they will 
provide new information on the composition and physical state of interstellar dust. 
Better laboratory data, panicularly with regard to UV fluorescence for the emission 
features, are needed. It should be emphasized that in laboratory experiments it is 
necessary to measure separately the emissivities and scattering efficiencies of potential 
dust components, rather than only their sum. Future astronomical observations 
should be made of regions having a variety of temperatures, densities, and radiation 
fields so as to better define the conditions under which the various features occur. 
Better theoretical understanding of UV fluorescence and of hydrocarbon surface 
chemistry under astrophysical conditions is also needed. 
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THE 4-8 MICRON SPECTRUM OF THE INFRARED SOURCE W3J A 

B. T. SoiFE.it,' R. C. PUETTER,* R. W. RuSSELL,’ S. P. WttI.NE»,* P. M. HaRVEY,* AND F. C. GlLLETT^ 

Rtetittd 1979 A prU 2; autpiti 1979 it ay 15 

ABSTRACT 

Spectrophotometn' with a resolution AX/X ~ 0.015 of the highly obscured infrared source 
W33 A IR from 4.5 |im to 8 mid is reported. Three deep absorption bands, *'ntered at 4.61 nm, 
5.99 jum, and 6.78 iim, are observed. The band at 4.61 itm is most likelv predominantly due to ab- 
sorption in the fundamental vibration-rotation band of CO, although the wavelength of maximum 
ab^rption occurs slightly shortward of that expected for gaseous CO and could be affected by other 
absorbers. If no other absorber contributes to this band, then the minimum column density is 10% 
of the expected column density of carbon inferred from obser\'ed strength of the silicate at^rption 
at 10 Mm. 

The absorption bands at 5.99 m>d and 6.78 mdi are extremely strong. Absorption processes in 
grains are needed to produce these bands, due to the large half-widths and equiv^ent widths of the 
absorptions. Obserx’ations of these bands in molecular cloud material, but not in the line of si^ht to 
the galactic center, strongly suggest that the formation process for these bands occurs within the 
molecular clouds. Arguments ba^ on absorption strengths of these and the 10 mid silicate absorp- 
tion require the 6.0 mid and 6.8 Min bands be caused by materials formed from cosmically abundant 
elements. The preponderance of available evidence suggests that these absorptions are due to 
hydrocarbon materials associated with interstellar dust. If thb is the case, a substantial fraction 
of the carbon in the line of sight to W33 A IR is in the form of hydrocarbons. 

Subjut headings: infrared: sources — interstellar: matter 


I. rNTRODDCnON 

Observations of infrared sources associated with the 
molecular clouds and OH sources have shown that the 
energy distributions of these objects can be described 
crudely as blackbody radiators obscured by large 
column densities of cold intervening material. The 
study of the spectral absorbance of the intervening 
matter permits analyses of the composition and column 
density of the intervening absorbing material. 

W33 A IR is an infrared source that is particularly 
well suited as a background source for the detailed 
study of cold, dense interstellar material. The infrared 
source was originally discovered to be coincident with 
the OH source W33 A by Capps and Gillett (see Capps, 
Gillett, and Rnacke 1978, hereafter CGK). Spectro- 
photometrx’ of W33 A IR reported by CGK, and infra- 
red photometr>’ (Dyck and Simon 1977), have shown an 
extremely deep abwrption band at 10 mid, indicating a 
large column density of cold silicate material in the line 
of sight. Both the silicate absorption at 10 Min and an 
extremely strong absorption at 3.1 mwi (CGK), at- 
tributed in pi»rt to absorption by HjO ice, were found by 
CGK to be much deeper than in any other previously 
reported infrared source. 

In this Letter new spectrophotometric observations of 
W33 A IR from 4.5 Min to 8 Min are reported. These ob- 

‘ California Institute of Tecbnolog}’, Pasadena, CA 91125. 

• Physics Department, University of California, San Dieco, 
U Jolia, CA 92093. 

• Steward Observatory, University of Arizona, Tucson, AZ 
85721. 

‘ Kitt Peak National Observatory, Tucson, AZ 85726. 


seiv’ations show that the absorption properties of the 
obscuring material are far more complex than had been 
previously thought. Some rather speculative composi- 
tional analyses of interstellar “dust” are consistent with 
the observations and are now more plausible. 

n. OBSERVAnONS 

The observations reported here were made «ith the 
UCSD 4-8 Mm filter wheel ^ctrometer (Russell, 
Soifer, and Willner 1977; Puetter et ai. 1979) on two 
flights of the Kuiper Airborne Observator>' on 1978 
May 16 and 1978 May 18 UT. The focal plane aperture 
for the observations was 27* with a spacing between 
chopped beams of ~50* in azimuth (nearly right ascen- 
sion). The spectral resolution of the instrument is 
AX/X ~ 0.015. For 4.5 Mm < X < 4.9 Min the spectrum 
was sampled at approximately half-resolution element 
intervals, while for X > 4.9 Min the sampling was at ap- 
proximately full-resolution element intervals. A total of 
3 hours of observing were obtained on the source 
W33 A IR. Correction for telluric absorption and cali- 
bration of the spectrum was derived through observa- 
tions of the K2 III star a Boo, whose spev-trum was as- 
sumed to be a blackbody, except for a 15% absorption 
from 4.5 to 5.2 Min due to al^rption by CO m the 
stellar atmosphere. 

The observed spectrum of W33 A IR from 4.5 Min to 
8 Mm is shown in Figure 1. The spectrum of W33 A IR 
shows three strong absorption features centered at 
4.61 ± 0.02 Mm, 5.99 ± 0.08 Mm, and 6.78 ± 0.08 Mm. 
The uncertainty in the center wavelength of each band 
reflects both the sampling of the spectrum and the 
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Fic. 1.— The 4.5-8 mRI ipectrum of W33 A IR. StatUtical un- 
cenaintiet are ibown when they eiceed of the obaerved flui. 
The abtorption features at 4.61 Mtn, 6.0 «>in, and 6.8 uttt are 
marked. 

breadths of the bands. All three of the bands are re- 
solved at the ^ctrometer resolution of AX/X 0.015. 

The observed properties of these absorption bands are 
listed in Table 1. It is assumed that the bands centered 
at 5.99 Mm and 6.78 Min are distinct bands, although we 
have no direct evidence that this is the case. The 
parameters were derived assuming that the apparent 
continuum can be smoothly interpolated between the 
absorption bands, and that the absorptions at the edges 
of the bands are zero (except at 6.4 Mm). The values of 
the wavelengths of half-maximum absorption and the 
equivalent widths for the 6.0 Mm and 6.8 Mm bands are 
unc -.nain due to the difficulty in evaluating the effects 
of overlapping absorptions. 

While absorptions at the wavelengths of 4.67 Min, 
6.0 Min, and 6.8 mhi have been reported previously in 
the q>ectra of the infrared sources W51 IRS 2, K3-50 
(Puetter et al. 1979), and NGC 7558 £ (Willner ei al. 
1979a), the bands obMrved in W33 A IR are by far the 
strongest yet observed. This is not surprising, in view of 
the fact t^t the 3.1 nm and 9.7 Min buds in W33 A IR 
are also the deepest examples of these bands yet ob- 
served (CGK). 

The full 2-13 Min spectrum of W'33 A IR is shown in 
Figure 2. The data for X < 4 nm and X > 8 Mm were 
taken from CGK. The agreement between the flux 
determined from ground-based and that from airborne 
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observations is excellent. Because the data were ob- 
tained with substantially diflerent aperture sizes 
(5*-12' for the ground-ba^ data, 27* for the airborne 
dau), these data show that there is little or no extended 
emission in the wavelength interval 3 < X < 8 Mm as- 
sociated with the compact source. 

m. OISCT7SSION 

The nature of the infrared source W33 A IR, as de- 
duced from infrared observations, was discussed by 
CGK. We shall not expand on this discussion except to 
note that the present observations are completelv con- 
sistent with the interpreution of W33 A IR as a highly 
compact object in the early stages of stellar formation 
(CGK). 

The more interesting implication of the new observa- 
tion regards the material responsible for the strong ab- 
sorptions found in the 4.5-8 Mm region. From this point 
of view, the infrared source is a convenient backmund 
source seen through a large column density of cold, 
interstellar matter. In fact, the cold material is most 
likely associated with the W'33 molecular cloud and the 
infrared source. 

a) The 4.61 Micron Band 

The absorption band centered at 4.61 Mm is very 
close in wavelength to the fundamental vibration band 
of the CO molecule, and it is most likely that CO is in 
some way responsible for this absorption. However, the 
central wavelength of the CO fundamental band is 
4.67 Mm (2143 cm~‘)i while the center wavelength of 
the observed absorption is at 4.61 Mm (2169 cm~‘). This 
band was observed 3 separate times in the two flights, 
and the minimum flux occurred at the same wavelength 
in each scan. Furthermore, there are no telluric spectral 
features at this wavelength (to <5% of the continuum) 
in evidence in spectra of stars that r luld contribute to a 
wavelength discrepancy. IXliile this discrepancy is not 
large, we believe it to be real, since observations of the 
galactic center with the same instrument on the same 
flights showed a CO absorption band centered at the 
correct wavelength. 

Several possible forms of CO might contribute to this 
absorption. The vibration fundamental of CO «ith 
differing isotopic composition (e.g., “C'*0, **C**0, etc.) 
would occur at a longer wavelength than 4.67 Mm. The 
CO band center shifu to shorter wavelengths as the gas 
temperature increases; however, the shift is only 
0.02 Mm from 20 to 250 K. 


TABLE 1 

AasommoNS m W33 A 


XauUm) Tau X(l/2 rau) Equivalent Widths 


3 . 08* >7 ... . 3 Mtn ... ■ . 

4 61 ±0.02 0 9 4 56 Mm 4 67 Mm 0.092 Mm 43 cm"' 

5.99± 0 08 2 0 5 77 Mm (6 40) Mm 0 58 Mm 176cm-' 

6 78 ± 0.08 1.7 (6.45) Mm 7. 16 Mm 0.67 Mm 145 cm-' 

9.7* ~6 8.70 Mm 11.35 Mm 3.70 Mm 380 cm-' 


* Data from CGK. 
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The fundamenul vibration band of CO^ ia centered 
at 4.58 Min; however, neither radio observations (Hollis 
et al. 1978) nor theoretical abundance anal>'seB (Mitch- 
ell, Ginsburg, and Kuntz 1978) have suggested that this 
molecule is at all abundant in molecular clouds. 

Carbon monoxide absorbed on a variety of metals and 
metal oxides produces an absorption band near 4.61 Mm 
(Little 1966). This band generally disappears at low 
pressures; however, the physics of this wavelength shift 
IS unknown, and absorption on grains cannot be ruled 
out as the mechanism responsible for the observed band. 

It would be remarkable that a material that produces 
a greater absorption than CO would be present at a 
wavelength so near the CO vibration fundamental, and 
yet aould not be a sufficiently common material to be 
readily identifiable. We therefore regard the CO identi- 
fication as the most likely explanation of this band. The 
lack of a ready explanation for the discrepanc>' between 
the observed cent^ wavelength of the band and that of 
gasMus CO must leave open the possibility that the 
main absorber is another material. 

If the CO identification is correct and the CO is in the 
gas phase, the observed equivalent width of 43 cm~' can 
be used to estimate some properties of the CO in the 
line of sight. Taking T 150 K as an estimate of the 


gas temp>erature, then the number of significant absorp- 
tion lines in the fundamental vibration-rotation band 
would be < 25. The equivalent width per line then must 
be > 1.7 OT"'. This requires a minimum velocity width 
per line of at least 250 km s~*. At this time there is no 
direct evidence for such extraordinary velocities in 
W'33 A IR. The observed width of the .7 ■ 1-0 line of 
CO in W33 A is ~15 km s~* (Wilson et al. 1974), al- 
though this was not measured at the exact position of 
W33 A IR. On the other hand, velocity widdis of 

100 km r~> are known to exist in other similar objects. 
The plateau source in Orion is known to have a velocity 
width of order ~5O-100 km s~‘ (e.g., Phillips et al. 1977 ; 
Rwan and Scoville 1976; Nadeau and Geballe 1979). 
Observations of the CO fundamental in CRL 2591 
(Kleinmann et al., private communication) show heavily 
saturated CO lines of width '^lOOkms"'. Thus CO 
lines of the required width are not totally unprece- 
dented. If, however, the absorption is due to CO 
absorbed on grains, the large widths of the lines could 
be caused by varying degrees of CO-host interactions. 

If we assume that the absorption is due to gaseous 
CO, a lower limit to the line-oLsight concentration of 
CO can be estimated. Assuming the individual lines are 
optically thin, using the band constants from Mantz 



Fig. 2.— The 2-13 «im spectrum of W33 A .TR. The data from 2-4 urn and 8- 13 Mm are taken from CGK. A blackbody curve 6tted 
througb the observations at 2-2.5 mdi and 4-5 Mm is shown for comparison. 
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et al. (1975), and taking T 150 K, an equivalent 
width of 43 cm"' requires a column density of .Vco 
10'* cm"*. This can be compared with the total column 
density of carbon inferred from the silicate absorption 
in the same line of sight. Taking the optical depth of 
silicates to be 6 at 10 ^m (CGK), the mass opacity 
coefficient of silicates to be ~ 3 X 10* cm* g"‘, and a 
C/Si ratio of 10 for cosmic abundances, the total column 
density of carbon is .V(C) 10*“ cm"* if all the Si is 

bound in the silicate dust. Thus we would conclude that 
a significant fraction of all the carbon in the line of 
sight to W33 A IR is in the form of gaseous CO. If the 
CO in the line of sight is not in the gas phase, being, 
for example, absorb^ on grains, the above estimate of 
the CO concentration will be correct only if the inte- 
grated band intensity is the same as for gas-phase CO. 
Clearly, high spectral resolution observations of the 
4.61 Mm band are criticaliy important to understanding 
its origin and implications. 

h) The Bands ai 6.0 and 6.8 Microns 

The strengths of the bands at 6.0 um and 6.8 Mm are 
striking in comparison to those previously observed in 
H n regions and “protosurs.” The widths of these 
bands are too large to be identified with absorption from 
the ground vibration state of any cold (T < 100 K) 
gas-phase molecule comprised of a relatively small 
number (A* < 10) of atoms or that is expect^ to be 
reasonably abundant (with respect to Ht, see, e.g., 
Herbst and Rlemprerer 1973; Allen and Robinson 1977). 
We therefore suggest that these bands are due to ab- 
sorption in some “solid” material in the line of sight to 
W33 A IR. The depths of these bands, compared with 
the depth of the 10 Mm absorption, imply that unless 
their intrinsic absorption strength (per absorber) is 
more than an order of magnitude stronger than that of 
the 10 Mm silicate band, the absorbing material must be 
composed from the 10 most abundant elements. 

A further clue to the origin of these bands is given by 
a comparison of the spectrum of W33 A IR and the 
galactic center (Willner et al. 19795). The line of sight to 
Sagittarius A West does not intersect any massive 
molecular clouds and the spectrum of Sgr A West shows 
no evidence for absorption at 6.0 Mm or 6.8 Mm (to a 
conservative limit of t < 0.2), while at 10 Mm the 
optical depth of the silicate al^rption is two-thirds 
that found in W33 A. The ratio of 6.0 Mm and 6.8 Mm 
absorptions to 10 Mm absorption could be affected by 
radiative transfer effects within the bands in the mo- 
lecular cloud of W33 A; however, it is unlikely that such 
effects could alter the ratio by a: much as the factor of 2. 
Thus we conclude that the relatively stable, refractory 
materiab that are able to exist as grains in the un- 
shielded line of sight to the galactic center do not con- 
tribute significantly to the 6.0 Mm and 6.8 Mm absorp- 
tion bands. Evidently some processes that are enhanced 
in the environment of molecular clouds create the ma- 
terial responsible for the formation of these bands. 

Hydrated silicates and protosilicates (Day 1978, pri- 
vate communication; Rossman 1978, private com- 
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munication; Duley and McCullough 1977) could be 
responsible for these bands. Such materials show ab- 
sorption bands generally between 6 and 7 Mm. In this 
case the band at 6.0 Mm must be identifi^ with the 
water of hvdration band in the hydrated materials. 

There are several difficulties with this identification. 

First, the relative strengths of the 6.0 Mm and 6.8 Mm 
bands are usually much less than that of the 10 Mm 
band, rather than the ratio 1/3 found in W33 A IR. 

Second, the formation of the hydrated grains must 
occur within the molecular clouds where the cold tem- 
peratures characteristic of the W33 molecular cloud are 
more appropriate to the formation of ice mantles than 
of hydrated materials. Third, the center wavelength of 
the 6.0 Mm band in hydrated minerals is usually at 
6 1-6.2 Mm with a FWHM of 0. 2-0.3 Mm (Day 1978, 
private communication; Russell 1978, private com- : 

munication), depending on the material. The observed 
center wavelength in W33 A occurs at 6.0 Mm, and the 
apparent FWHM is approximately twice the value 
found in hydrated terrestrial minerals. A final, and ! 

perhaps most serious, difficulty comes from the ob- 
servation of the 4-8 Mm spectrum of the OH maser 
source OH 26.5+0.6 (Forrest el ai. 1978). This is an 
oxygen-rich, heavily dust-enshrouded late-t>pe star 1 ; 

which shows a strong 10 Mm silicate absorption band 
(rie > 3) in its spectrum. The drcumstellar environ- 
ment would seem particularly conducive to the forma- 
tion of hydrated dust, and yet there is no evidence ; 

(t < 0.2) for either the 6.0 Mm or the 6.8 Mm band. 

A previously sp>eculative identification of the 6.0 Mm 
and 6.8 Mm absorption bands that must now be seriously 
considered is that of resonance bands of hydrocarbon 
materials. This was first suggested by Puetter el al. 

(1979) to explain the absorption bands at 6.0 Mm and 

6.8 Mm in the spectrum of W51 IRS 2. The 6.0 Mm band ^ j 

would be iden^ed with the stretching vibration of the j I 

carbonyl group (C“0) and possibly some contribution 

from the stretch vibration of the C“C group. The 

6.8 Mm band is identified with the scissors vibration in ^ ' 

the methyl or methylene group. The molecules in which ^ 

these groups are found would form volatile mantles of ' ‘ 

organic molecules on more stable refractorj- core grains. 

Individual molecules are likely to be complex and ' ' 

probably not separately identifiable. 

The wavelengths of the observed bands indicate that 
they are produced by molecules containing relatively 
light elements, probably no heavier than the CNO , - 

group. The fact that these bands do not appear in the 
spectrum of the galactic center implies that they are 
unique to the conditions of molecular clouds. Both ices ^ 

(Merrill, Russell, and Soifer 1976; Gillett el ai. 1975) 
and complex hydrocarbons (see Zuckerman and Palmer 
1974; Winnewisser and Walmsley 1978; Kroto el ai. 

1978) exist in this environment, so it should not be 
surprising if hydrocarbon molecules were associated 
with the dust in the clouds. 

The required column densities of the appropriate 
absorbers have been crudely estimated in Table 2, using 
the observed equivalent widths and laboratory inte- 
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TABLE 2 

Abcndanczs or Obcanic Bonimi towabd W33 A 


X 

(sod) 

Band 
Intensity 
A*(10* liter 
cm** 
mole*') 

Bond 

Equivalent 

Width 

(wn) 

X Dn4* 

(cm**) 

6.0. ... 

1 

C-0 

0.62 

4X10'* 


0 06 

(C-C) 


(6X10'*) 

6.8... 

0 04 

CH,. CH, 

0.67 

5X10" 

3.3... 

0 3 

CH,, CH, CH, 

0 3 

3X10" 


* From Wotler 1967. 

^ The convenion from equivalent width to column density it 
through the relation S • 2.6 X 10** W'/AX*cm”* (Puetter et al 
1979), where H’ it the equivalent width of the band (in tim), X it 
the wavelength (in tun), and A it the band intensity (in ICP liter 
cm** mole*'). 

grated band intensities (Wexler 1967; Puetter ef al. 
1979). These column densities can be compared with 
the total column density of silicon calculated above. 
The column density of silicon to W33 A IR is 
10‘* cm~*. From Table 2 the ratio of carbon bonds to 
silicon atoms is then '>^5 (assuming the C-0 identi- 
fication of the 6.0 Mm band), consistent with cosmic 
abundances of carbon if a substantial fraction of the 
carbon is in the form of the suggested functional groups. 
While these estimates are subject to large errors, they 
show that this identification cannot be ruled out on the 
basis of elemental abundance arguments, and they at 
least show a consistent column density for the CH 
groups in the stretching and scissors vibration modes. 

An identification of the 6.0 Mm and 6.8 Mm bands as 
due to organic molecules suggests a solution to a diffi- 
culty with the identification of the 3.1 Mm absorption 
band as HjO ice. Merrill ef al. showed that, while the 
peak absorption of this band occurs at a wavelength 
that agrees well with water-ice absorption, the shape 
of the absorption, in particular the wing at longer wave- 


lengths, did not fit the expected ice absorption. CGR 
showed that this problem was particularly acute in the 
case of W33 A IR and suggested that the stretching 
mode of C — H molecules could contribute to absorption 
in the wing of the ice band. The stretching vibration of 
the C — H band occurs at 3.3-3.S Mm, depending on the 
specific group being observed, and would naturally ac- 
count for the long- wavelength wing of the 3.1 Mm ab- 
sorption. The relative stren^h is e.xpected to be some- 
what mater than that of the 6.8 Mm band, consistent 
with the present observations. 

While the above identifications suggest which func- 
tional mups are present in large abundances, they do 
not define the specific molecules, since the wavelengths 
of the resonances of the functional groups are usually 
only weakly sensitive to the specific host molecules. It 
is doubtful that any single molecule would be re- 
^>onsible for the observed absorptions, but rather a 
large variety of molecules on min surfaces would con- 
tribute to the absorption bands. This is consistent with 
the broad absorptions that are observed, while the 
characteristic signatures of the functional groups in 
specific molecules are lost. 
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INFRARED SPECTRA OF IC 418 AND NGC 6572 

S. P. WuxNER,‘ B. Jones,* R. C. Puetteh,* R. W. Russell,* and B. T. Soifer*,* 
Reeeivtd 197$ Oeiobtr 13; aeetpttd 1979 May 21 

ABSTRACT 

Spectrophotometric observations from 2 to 4 and 8 to 13 pm of NGC 6572 and from 4 to 13 pm 
of 1C 418 are reported. Also reported are observations of the size of IC 418 in the optical and at 
1.65 and 2.2 ^im. Both planetary nebulae emit more radiation than expected from recombination 
at wavelengths longer than •<'4 ^m; this radiation is attributed to heated dust. The spectra show 
a plateau from 10.5 to 13 pm, and this peak is tentatively attributed to emission from large silicon 
carbide particles. Fine-struaure emission lines are also discussed; the presence of [Ar III] but not 
[Ne u] in NGC 6572 suggests that ions having the same ionization potential can nevertheless have 
different fractional abundances. 

Subject headings: infrared: spectra — nebulae: planetary 


I. INTRODUCTION 

Infrared emission from planetary nebulae is usually 
attributed to a combination of recombination* and 
radiation from heated dust. At wavelengths near 
10 /im, the dust emission often greatly exceeds the 
recombination contribution, often by two orders of 
magnitude (for a summary of observations, see Cohen 
and Barlow 1974). The dust emission decreases toward 
shorter wavelen^hs, and near 2 pm recombination 
alone can account for the observed emission for most 
planeuries (Khromov and Moroz 1972; Willner, 
Becklin, and Visvanathan 1972; Persson and Frogel 
19736). A few nebulae, including IC 418, are brighter 
than expected from recombination even at wave- 
lengths as short as 1.6 ^m; the excess radiation has 
been attributed to thermal radiation from very hot 
dust grains. 

Infrared spectra are available for only a few 
planetary nebulae (Gillen, Forrest, and Merrill 1973; 
Merrill, Soifer, and Russell 1975; Treffers et al. 1976; 
Russell, Soifer, and Merrill 1977, hereafter RSM; 
Russell, Soifer, and Willner 1977, hereafter RSW; 
Russell et al. 1977; Aitken et al. 1979; Grasdalen 
1979), although individual spectral lines and features 
have been measured in several more (see, e.g., Gillett, 
Merrill, and Stein 1972). The two best-studied plane- 
taries, NGC 7027 and BD + 30°3639, show emission 
features at 3.3/3.4 ^m, 6.2 ^m, 7.7 ^m, 8.6 ^m, and 
11.3 pm. These features, or at least some of them, are 
common to a variety of other objects (Russell, Soifer, 
and Willner 1978 and references therein) and have 
been anributed to emissivity peaks in the dust that 
produces most of the infrared radiation. The 3.3 pm 
peak is especially intriguing, because it seems to 

' University of California, San Diego. 

* School of Physics and Astronomy, University of Minne- 
sota. 

* California Institute of Technology. 

* As used here, recombinatirn includes free-bound, free-free, 
bound-bound, and two-photcn processes. 


appear with at least two different shapes (RSM). In 
most objects, including NGC 7027 and BD ■+■ 30°3639, 
the 3.3 pm feature includes a wing at longer wave- 
lengths, but in IC 418 the longer wavelength wing is 
not present. 

The present observations of IC 418 were intended 
to test whether the other emission features are asso- 
ciated with the 3.3 pm feature alone or only with the 
3.3 pm feature that includes a 3.4 ^m wing. In fact, 
weak features at 6.2 and 7.7 pm appear to be present. 
The 8.6 and 11.3 Mtn features were not detected and 
are much weaker relative to the 3.3 pm feature than 
in other objects. Instead, a broad feature, tenutively 
attributed to solid silicon carbide particles, was seen 
near 1 1 ^m. 

NGC 6572 is a planetary nebula that is relatively 
bright in the radio, but, unlike IC 418, NGC 6572 
emits only recombination radiation near 2 pm. Both 
2-4 /im and 8-13 /im spectra were obtain^, and a 
peak near 11 pm similar to that in IC 418 was seen. 
The observations and a description of the spectra are 
presented in § II, while § III discusses the results for 
the dust features, for the atomic emission lines, and for 
measurements of the angular size of IC 418. An 
attempt is made to relate IC 418 and NGC 6572 to 
the carbon-rich evolutionary sequence suggested by 
Zuckerman et al. (1976, 1978). 

II. OBSERVATIONS 

a) Spectroscopy 

Observations were made with the Mount Lemmon 
1.5 m telescope in 1976 December and 1977 January, 
March, May, and October. The focal plane diaphragm 
was 17' in diameter, and the spemal resolving power 
(A/AA) was approximately 65. Airborne observations 
of IC 418 were made in 1978 February and of NGC 
6572 in 1977 July from the Kuiper Airborne Observa- 
tory. The instrument has been described by RSW, and 
the present observations were made with a focal plane 
diaphragm 28* in diameter. The results, converted to 
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flux density outside the Earth’s atmosphere through 
observations of standard stars (Puetter et at. 1979), are 
shown in Figure 1. Data on IC 418 between 2 and 4 /im 
were taken from RSM. No effort was made to correct 
for the different beam sizes; the 4-8 urn observations 
of IC 418 should probably be lowered by between 
20 and 40% to be compared with the ground-based 
observations. The data points for NGC 6S72 shown 
as open circles represent averages of data at three 
wavelengths; the spectral resolution of these points is 
thus only 0.06 nm. The observations presented here 
have better signal-to-noise ratio and wavelength 
coverage but are in good agreement with those 
obtain^ earlier by Gillett, Forrest, and Merrill (1973), 
Gillen and Stein (1969), and Geballe and Rank (1973). 

From 2 to 4 ^m, the sp^rum of NGC 6S72 is in 
agreement with that predicted from recombination 
theory and radio observations (Higgs 1971 and refer- 
ences therein) to within the statistical uncertainties of 
the observations. The Bracken y and a and Pfund 8 
recombination lines are prominent. No evidence for a 


broad feature at 3.3 /xm is seen, although the data of 
Table 1 permit a weak feature to be present. The 
absence of Pfy is not explained, but the noise in that 
part of the sp^rum is relatively high. 

At 8 ^m, the flux density of NGC 6572 is well above 
the predicted level from recombination and appears to 
increase to lon^r and possibly to shorter wave- 
len^hs. There is some indication that the 7.7 ^m 
emission feature found in other objects might be 
present, but further observations are needed to con- 
firm this. There is no evidence of a peak at 1 1 .3 ^m. 
Fine-structure lines of [Ar in] and [S iv] are present 
(Gillett, Merrill, and Stein 1972; Gillett, Forrest, and 
Merrill 1973), but the [Ne ii] line at 12.8 Min was not 
detected. Fluxes of various lines and other features are 
given in Table 1. The shape of the spearum between 
8 and 1 3 Min is similar to that of IC 41 8 and is discussed 
below. The data presented here are in agreement with 
those of Grasdaien (1979) if allowance is made for his 
smaller beam size (11')- 

IC 418 is about a factor of 2 brighter between 



Fio. 1. — The 2-14 mhi spectra of IC 418 and NGC 6572. Error bars are shown when the statistical uncertainty exceeds 57.. The 
2-4 Min data on IC 418 are from RSM. The open circles represent averages of adjacent dau points giving a resolution of 0.06 Mm. 
The squares represent broad-band observations with the 17' beam used for all of the ground-based obKrvations. The circled x’s 
represent broad-band observations obtained from the KAO with the 28' beam used for al! the airborne observations. No corrections 
for beam size have been applied to the observations. Wavelengths of various emission lines and features are marked. The solid lines 
from 2 to 4 Mm show the recombination flux density predicted from radio observations. The solid lines near 1 1 Mm show the emis- 
sivity of large silicon carbide particles plus a constant emissivity of 407. of the peak value. The dashed line shows the shape of 
the silicon carbide emission seen in IRC +10216 (Forrest 1974) plus a constant emission equal to 227* of the peak. 
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Table i 

Fluxu in Spectkal Featuku 


X NCC 6572 1C 418 

0.) (I0-“Wm**) 


2.17 By 1.15 ±0.15 1.22 ±0.18 

3.27 Unidentified + Pfi 0.47 ± 0.10 1.8 ±0.2 

3.30».... PfJ 0.35 0.44 

3.74 Pfy <0.7 0.62 ±0.11 

4.05 Ba 3.7 ±0.2 2.8 ±0.2 

7.00 fAr II] < 3.8 4.9 ± 0.6 

8.99 Ar III] 5.7 ± 0.7 2.0 ± 0.9 

10.52 S ivj 10.6 ± 1.3 < 2.4 

12.81 (Ne II] < 2.9 28 ± 2 


* Fluxes predicted from rtdio observations. 


2 and 4/xm than predicted from radio observations 
(Higgs 1971 and references therein). The existence of 
an excess was known from previous measurements of 
the equivalent width of By (Hilgcman 1969) and from 
broad-band observations (Willner, Becklin, and 
Visvanathan 1972); the latter also show an excess at 
1 .65 fitn. The flux density of the excess is a slowly 
increasing function of wavelength. By and a and Pfy 
recombination lines are present with reduced equiva- 
lent width, confirming the continuum excess. The 
3.3 ^m feature is broader than the Pf8 line seen in 
NCC 6572 but lacks the 3.4 iivn wing (RSM) seen, for 
example, in NCC 7027. The continuum rises slowly 
from 8 to 1 3 /xm and is at a level much above that 
expected from recombination. Superposed on this rise 
is a broad peak between 10.5 and 12.5^131, similar in 
shape to an emission feature seen in late-type carbon 
stars; the carbon star emission feature is attributed to 
silicon carbide (Forrest 1974). Weak 6.2 and 7.7 /urn 
features appear to be present. The [Ne ii) and [Ar ii] 
fine-structure lines are strong. The [Ne ii] line has the ' 
same equivalent width as measured by Cillett and 
Stein (1969); [Arm] and [S iv] are weak or absent. 

IC 418 is the second planetary nebula, after BD 
-f-30°3639 (Russell et al. 1977), in which [Arn] has 
been detected. 

b) Size of IC 418 

Broad-band photometric observations of IC 418 
were made with a series of circular focal plane 
iliaV’hragms in order to compare the spatial extent of 
ttie 2-4 /xm excess emission to the extent of the 
emission from ionized gas. Such observations are 
useful because the nebula is highly symmetric. Previous 
observations (Willner, Becklin, and Visvanathan 1972) 
showed that the 2.2 /xm excess was not confined to the 
region of the central star. The present observations 
extend to larger diaphragm sizes, include some color 
information, and include direct measurements of the 
Ha size. 

Infrared observations were obtained in 1972 Febru- 
ary, October, and December with the 1.5 m and 60 cm 
telescopes at Mount Wilson. The results are given in 
Table 2, together with the Ho -f- [N u] observations 
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TABLE 2 


Flux Density fkom IC 418 as a Function or Beam Sux 


Diaphkacm 

Diameter 

(•rcsec) Telescope* 

Flux Density 
(IO-‘* Wm-'/xm**) 

Line Flux 
( arbitrary 
units) 

H> [N n] 

1 .65 /xm 

2.2 /xm 

5.0 

C 


0.07 


8.0 

B 

0.26 

0.18 

0.30 

9.7 

C 

T r t 

0.23 


11 

B 

- t - 

... 

0.58 

15 

B 

0.53 

0.45 

0.84 

17 

D 

0.59 

0.47 


18 

A 

• t - 

0.46 


20 

C 

t 1 - 

0.52 


22 

B 

0.68 

0.58 

0.97 

24 

B 


0.59 

0.98 

31 

B 

0.77 

0.67 

0.98 

36 

A 

- - T 

0.66 


44 

B 

0.79 

0.72 

1.00 

56 

A 

t t r 

0.70 


101 

A 

t t t 

0.75 


Total predicted from radio 




flux density 

0.48 

0.34 



* Key 10 tcietcope; A - Ml. Wilson 60 cm; B * Ml. Wilson 
1.5 m; C — Ml. Wilson 2.5 m (Willner *t a/. 1972 correct^ to 
present flux density calibration); D “ Mt. Lemmon 1.5 m 
(4«i - 2.3 /xm corrected to 2.2 /xm). 

obtained in 1973 January with the Mount Wilson 
1.5 m telescope. These were obtained with the same 
optical arrangement as the infrared observations, 
except that the chopper was turned off; a photo- 
multiplier with an S-20 photocathode and an inter- 
ference filter that isolated the Ha and [N n] A6583 
emission lines were used. The optical observations 
were uncalibrated and have been arbitrarily normal- 
ized. The size of the Ha emission appears to be the 
same as expected on the basis of high-resolution radio 
observations (Terzian, Balick, and Bignell 1974). 
Table 2 also gives the total recombination flux density 
as predicted (Willner, Becklin, and Visvanathan 1972) 
from radio observations that include the entire nebula 
(Higgs 1971). 

Figure 2 shows the measurements of Table 2 normal- 
ized to the measurement through the largest diaphra^. 
The data indicate that the infrared emission is coming 
from a region at least as large as the optical emission. 
Furthermore, the infrared surface brightness is rela- 
tively larger near the outside of the nebula than is the 
Ha ■¥ [N ii] surface brightness. The excess radiation 
is not enhanced near the central star; it is even possible 
that up to half the 2.2 /xm excess comes from outside 
the ionized region. The 1.65-2.2 /xm color becomes 
bluer closer to the central star. 

m. DISCUSSION 

a) Feature at 3.3 fim 

The feature at 3.3 /xm has been attributed to a peak 
in the emissivity of dust (RSM); molecular bands, as 
suggested by Grasdalen and Joyce (1976), for example, 
are also possible. In IC 418, the PfS line contributes 
about i of the flux observed for the 3.3 /xm feature. 
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Fio. 2. — Flux from IC 418 ts a function of beam lize. The 
measurrments at each wavelength are normalized to the 
measurement with the largest beam size. The square represents 
the ratio of the By flux measured with a 17' beam to the By 
flux predicted from radio observations of the whole nebula 
(Higm 1971). The points labeled Ha represent the sum of Ho 
and fN n] A6583 with the latter actually contributing about i 
of the measured flux. C. Righini-Cohen and M. Simon (private 
communication) have measured Ba and By with an II' beam; 
their measurements fall below the curve in the figure, near 
FIF^ - 0.45. 

while the relative line contribution ii much smaller for 
other objects in which a broad 3.3 uta feature has been 
observed. 

In other sources that show a 3.3 fim feature, a 
3.4 urn wing and features at 6.2, 7.7, and 1 1.3 ^m have 
always been seen. Compared with NGC 7027, the 
6.2 and 7.7 fim features in the spectram of IC 418 are 
a factor of 2 or more weaker relative to the 3.3 fim 
feature. It is difficult to assess the strength of an 

11.3 liva feature in IC 418 because of the uncertainty 
in the continuum shape. The local maximum observed 
at 11.3 )sm is much broader than the 11.3 /sm features 
seen in NGC 7027 and other objects and could be 
entirely due to silicon carbide, as discussed below. On 
the other hand, if a lower continuum level is adopted, 
an 11.3/zm feature as strong as that in NGC 7027 
could be present We emphasize that the apparent 
weakness of the various emission features in IC 418 is 
not due to their being veiled by a strong continuum, 
for the continuum is redder in NGC 7027 than in IC 
418. It thus appears that different relative feature 
strengths may be associated with different shapes of the 

3.3 fim feature, and in particular the lack of a 3.4 ^m 
wing may be associated with weak 6.2, 7.7, and pos- 
sibly 11.3 /xm features. 

llie two shapes observed for the 3.3 fim feature do 
not appear to be correlated with the excitation of the 
object. A molecular band might vary in shape as a 
function of temperature; unfortunately the present 
data are not sufficient to indicate a correlation of shape 
with temperature. Allamandola and Norman (1978) 


have suggested that the 3.3 mRi band may be due to 
methane adsorbed on dust grains. If this identification 
is correct, the 3.4 and 7.7 nm bands ought always to 
accompany the 3.3 mhi feature (Allamandola, Green- 
berg, and Norman 1979). The weakness of these 
features in IC 418 thus appears to cast doubt on an 
identification of the 3.3 ftm feature as methane in this 
object. 

b) Other Dust Features 

One of the most striking features in the spectra of 
these two planetaries is the rise in flux density between 
9 and 1 1 ftm. Both planetaries show the rise and a 
plateau from 11 to 13fim. The spectrum of IC 418 
appears to decline at longer wavelengths; such a 
decline may also be present in NGC 6572. The shape 
of the feature is suggestive of that of silicon carbide, 
which has been observed in emission in many late-type 
carbon stars (Forrest 1974) but never before in a 
nebula. The emissivity, as measured in our laboratory 
(Russell and Stephens 1979), of silicon carbide par- 
ticles about 5 Mm in diameter is shown in Figure 1 for 
comparison. Figure 3 shows the 8-13 mR> data alone, 
so that the shape and strength of the 1 1-13 Min feature 
can be judged without any prejudice from the labora- 
tory measurements. Particles larger than about 0.5 fitn 
(Treflers 1973) have a different emissivity than is 
typical for the small particles seen around carbon 
stars (Forrest 1974) in that there is a second emissivity 
peak near 13 Min. The presence of this peak, and thus 
of relatively large particles, is probably required if 
silicon carbide is to fit the observed data. If such large 



Fio. 3. — The 8-14^111 spectra cf 1C 418 and NGC 6572. 
The same data as in Fig. 1 are show.t without any lines repre- 
senting laboratory measurements so that the reader can form 
a better idea of the shape of the feature suggested to be silicon 
carbide. 




original pagl ^ 

OF POOR QUALITY 


500 


WILLNER £T AL. 


particles are really present, their origin in these 
planetary nebulae and their absence in carbon star dust 
shells must be explained. The shape of the plateau 
between 11 and 12^111 depends on the shape mixture 
of particles (TrefTers and Cohen 1974), and a distribu- 
tion having more prolate particles would have higher 
emissivity near 1 1 fim than near 13 and thus better 
fit the observed spectra. However, better spectra of 
these faint objects are required before the silicon 
carbide identification can be considered definite. 

If the identification of silicon carbide is correct, the 
dust particles evidently condensed in an environment 
having more carbon than oxygen, and planetary 
nebulae such as IC 418 and NGC 6572 might be the 
end point of the evolutionary sequence that includes 
carbon stars (Zuckerman er o/. 1976, 1978). Additional 
evidence that planetary nebulae may be carbon-rich 
comes from recent ultraviolet observations (Bohlin, 
Marionni, and Stecher 1975; Bohlin, Harrington, and 
Stecher 1978). Although derivation of carbon abun- 
dances is model aependent, Bohlin, Harrington, and 
Stecher (1978) and Shields (1978) conclude that carbon 
is more abundant than oxygen in a number of nebulae. 
Unfortunately, IC 418 and NGC 6572 were not 
studied, but if the former nebula is indeed carbon-rich, 
it lends support to the identification of the 3.3 /xm 
feature as a resonance of a CH bond, either in a mole- 
cule in the gas phase (Grasdalen and Joyce 1976; 
Black 1978) or in a solid particle (Knacke 1977; 
Allamandola and Norman 1978; Allamandola, Green- 
berg, and Norman 1979). 

e) Excess Continuum in IC 418 

The excess continuum radiation from 2 to 4^m 
from 1C 418 has been attributed to thermal emission 
from very hot dust grains (Willner, Becklin, and 
Visvanathan 1972). The color temperature of the 
excess can be estimated from the data in Table 2, if the 
expected recombination flux density is subtracted. 
Figure 2 shows that about half the Ha flux originates 
inside a 10' beam. The grain temperatures are 1350 K 
for a 10' beam and 950 K for a 44' beam, if the ^ain 
emissivity e oc A’*, or hotter if a less steep emissivity 
law applies. The decrease in temperature suggests that 
most of the grain heating is due to direct radiation 
from the central star, as is the case for most planetary 
nebulae (Ferch and Salpeter 1975). 

The temperature of a grain is determined by the 
balance between incident and emitted radiation. For 
temperatures in the range of interest, the grains may 
be considered as being in thermal equilibrium; non- 
equilibrium processes, which may be important in the 
interstellar medium, are significant only at low grain 
temperatures (Purcell 1976). For IC 418, the grain 
temperature 

T, « 6i(t///)«'v/rr‘'*(r,/3 x io‘ k) , (i) 

where U and I are the elTcctive ultraviolet and infrared 
emissivities, r is the apparent angular distance of a 
grain from the central star, and T, is the effective 
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temperature of the central star. In deriving equation 
(1), it was assumed that the central sur radiates like a 
blackbody, and the apparent visual magnitude was 
uken from Liller and Shao (1968). To estimate Ujl, 
we assume that c k A~* and uke the ultraviolet wave- 
length to be 912 A and the infrared wavelength 3 ^m. 
Then UII z 10®, and 

r, - 350(r/l')-“*(r,/3 X 10« K). (2) 

The central star of IC 418 is not much hotter than 
3 X 10* (Kaler 1978a), and ceruinly the applicable 
angular radius is larger than 1' (Fig. 2), so there is a 
serious difliculty in accounting for the high grain 
temperatures observed. One possibility is that the 
emissivity is a steeper function of wavelength (« A*®) 
than would be appropriate for small graphite particles. 
Even if T, is as large as 5 x 10* K, UII would have 
to be greater than 2 x 10®, and if c oc A**, then 
a ^ 3.5. We do not know whether grains with such 
properties exist. Moreover, if the actual grain tempera- 
tures are as high as the color temperatures, the grains 
might evaporate unless they are composed of highly 
refractory materials. 

In view of the difficulty of heating grains to the high 
temperatures required, it is worthwhile to examine 
other possible mechanisms for producing the con- 
tinuum radiation. Free-free radiation from interactions 
between hydrogen atoms and electrons (“H" free- 
free”) or hydrogen molecules and electrons (“Hj" 
free-free”) has been suggested as a mechanism for 
producing infrared radiation from certain stars 
(Milkey and Dyck 1973). The former process would 
not produce the correct wavelength dependence 
because of the presence of a bound state of H *, but 
the latter process might be possible. Molecular 
hydrogen might be present in a region between 
expanding shock and ionization fronts in IC 418, 
perhaps in the same region where CO is found 
(Mufson, Lyon, and Marionni 1975; Black 1978). The 
Hj would be heated, and free electrons would be 
available from the ionization of elements with lower 
ionization potentials than hydrogen by radiation from 
the central star. The absorption coefficients of H 2 ~ 
tabulated by Somerville (1964) were multiplied by a 
Planck function at various temperatures to find the 
appropriate temperature for IC 418. A temperature of 
2500 K, reasonable for shock heating, produces an 
energy distribution in reasonable agreement with that 
of the excess radiation from IC 418. In order to 
estimate the densities required, it is necessary to deter- 
mine the volume from which the radiation is emitted. 
One difficulty is that the region must be optically thick 
at radio wavelengths; otherwise 1.9 Jy of radio flux 
density would arise from the Ha“ alone. For unit 
optical depth to be reached in a distance equal to the 
nebular radius of 7 x 10^* cm (the distance of IC 418 
is from Cudwortb 1974), the required density product 
is A^.Af(Ha) z 10‘® cm**, which seems too high to be 
consistent with the CO measurement (Mufson, Lyon, 
and Marionni 1975) and is much higher than the 
density calculated by Black (1978). Thus any form of 
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thermal bremsstrahlung radiation seems unlikely to 
account for the excess 2 ^m emission. 

The excess continuum might be produced near the 
central star and scattered in the outer part of the 
nebula or in the surrounding neutral material. Scat- 
tering of visible light by particles has probably been 
detected in the nebula BD +30°3639 (Persson and 
Frogel 1973a), and large particles, as suggested by the 
shape of the silicon carbide feature in 1C 418, would 
scatter efficiently at 2 fim. A serious difficulty with the 
scattering hypothesis is that the lack of detection of 
excess radiation from the vicinity of the central sur 
(Winner, Becklin, and Visvanathan 1972) requires that 
the scattering optical depth be larger than unity. For 
this to be achieved within the radius of the nebula and 
without the grain mass exceeding the limit set by 
cosmic abundances requires the grain diameter to be 
less than 0.1 /im, even if the scattering efficiency is one. 
Such small grains would, however, Irave much smaller 
scattering efficiencies, and a highly nonuniform geom- 
etry is required. In particular, a concentration of 
scattering particles must be directly in our line of sight 
to the central star. This seems unlikely because of the 
observed brightness of the central star at optical 
wavelengths 

The excess 1.6-2.3 radiation from IC 418 it thus 
not satisfactorily explained. The previous suggestion of 
thermal emission r^uires grains with a very high ratio 
of ultraviolet to infrared emissivity, and no other 
acceptable suggestion has been made. 

d) Fine-Structure Lines 

The observed fluxes in the fine-structure lines of 
[Ne ii], [S rv], [Ar ii], and [Ar iii] are given in Table 1. 
The observed fluxes of [S iv] and [Ar iii] in NGC 6572 
agree well with those reported by Gillett, Merrill, and 
Stein (1972) and Gillett, Forrest, and Merrill (1973); 
the [Ne n] flux from IC 418 agrees with that reported 
by Gillett and Stein (1969) if account is taken of the 
different absolute calibration. 

The fluxes in the fine-structure lines can be used to 
derive ionic abundances. These ionic abundances are 
given in Table 3 and are almost independent of tem- 
perature and density. Calculations similar to those of 
Simpson (1975) were used with collision strengths 
from Osterbrock (1974), and the line fluxes were corn- 
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pared with radio fluxes listed by Higgs (1971); the 
adopted value for the optically thin 10 GHz radio flux 
from the entire nebula is shown in Table 3. Table 3 
also gives the fractional abundance of each ion com- 
pared with the cosmic abundance of the element 
(Allen 1973), the ionization potential range for each 
ion, and similar information for Ne in from optical 
observations (Peimbert and Torres-Peimbert 1971). 

The absence of S iv and low abundance of Ar in 
show that 1C 418 is of very low exciution. The Ar iii- 
to-Ar u ratio and the Ne tn-to-Ne n ratio suggest that 
even lower excitation is present than in the model of 
Buerger (1973); only -0.1 of these species appear to 
be doubly ionized. 

NGC 6572 is of higher excitation than IC 418, as 
shown by the presence of [Ar in] and [S iv] and 
expected from the temperature of its central sur 
(Kaler 19766, 1978a). One surprising fact is that there 
is no detecuble [Ne ii| emission, although that ion 
occurs in a range of ionization potentials that includes 
Ar III, which is seen (Table 3). Optical observations 
ubulated by Kaler (1976a) together with atomic 
parameters (Osterbrock 1974) suggest that the domi- 
nant ionization sutes are in faa Ne in and Ar m, even 
though these ions have different ranges of ionization 
potential. Such an effect was found in a model of 
IC 4593 by Buerger (1973), but this nebula has a con- 
siderably cooler central sUr than NGC 6572 (Kaler 
19766). Kaler (19786) has found that only about half 
of the argon in planeUry nebulae can be in either the 
Ar II or Ar in sute, contrary to the behavior of oxygen 
and neon. R. J. Gould (private communication) has 
pointed out to us that it is the photoionization and 
recombination rates, rather than simply the ionization 
potentials, that determine the ionization balance. 
Evidently the relative raus for argon and neon are 
different, and it appears that abundances of unobserved 
argon ions derived solely on the basis of abundances of 
other ions having similar ionization potentials must be 
considered questionable. 

IV. SUMMARY 

The spectra of IC 418 and NGC 6572 show an 
emission plateau from 10.5 to 13 ^m. We suggest that 
this feature is due to large silicon carbide grains. It is 
therefore suggested that the grains are carbon-rich. 


IR SPECTRA OF IC 418 AND NGC 6572 


TABLES 

Derived Ionic Abundances 

Ionization NGC 6572 IC 418 

POTINTIAI. 


Line Range N(ion)/N(H n) N(ion)/V(cosmic) N(ion)/N(H n) N(ion)/N(cosmic) 


(Arn]A6.99 16-28 eV <2.9x10-* <0.46 3.0 x 10'* 0.48 

(ArnilA8.99 28-41 eV 2.2 x lO** 0.35 6.1 x 10*’ 0.10 

[Nen]A12.81 22-41 eV <8x10** <0.10 6.1x10-* 0.74 

jSlv)A10.51 35-47 eV ' 3.4x10** 0.16 <6x10*’ <0.03 

[Nem]* 41-64 eV 1.4 x lO** 1.7 4.8x10** 0.06 


Adopted 10 GHz radio flux 1.29 Jy 1.62 Jy 

• Peimbert and Torres-Peimbert 1971. 
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and the emission feature observed at 3.3 fim is due to 
a grain species or molecular constituent containing 
C-H bonds. Other emission features previously asso- 
ciated with that at 3.3 ^m are weak or absent, and it 
appears that these features should be associated with 
the 3.4 itm wing rather than with the 3.3 nm feature 
itself. 

The short wavelength excess emission in IC 418 
appears to form a true continuum between 2 and 4 ^m. 
liiis emission has too high a color temperature to be 
easily understood as direct thermal emission from 
grains, but no other plausible mechanism has been 
suggested. 

llie Ar'*^ * to Ne* abundance ratio is extraordinarily 
high in NGC 6572, although the ionization potential 
range of Ne* includes that of Ar* *. The low excitation 
of IC 418 is confirmed by the large ratio of singly to 
doubly ionized argon and neon. 
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INFRARED HOLECULAR ABSORPTION FEATURES 


S.P. Vllincr and R.C. Puattcr 
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Ray V. Ruaacll 
Comall Univarsity 

B.T. Soifar 
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Spactra of infrarad aourcas assoclatad %^th aolacular clouds hava 
shown absorption faaturas at vavalangths of 6.0 and 6.8 ya. Wa suggast 
that tha 6.0 ym faatura can ba idantlflad with tha stratching vibration 
of C*0 and tha 6.8 ya faatura with tha banding vibrations of CH 2 and 
CH 3 . Tha aaount of carbon in tha fora of hydrocarbon aolaculas aay ba 
comparable to tha amount in CO. This abundance of hydrocarbons is 
probably too large to ba consistent with radio observations if the 
aolaculas are gaseous, but large abundances of hydrocarbons on the sur- 
faces of grains may explain tha infrared features, yet be unobservable 
in the radio. 


OBSERVATIONS 

Infrared sources assoclatad with aolacular clouds include compact 
HII regions and sourcas with auch saallar or nonexistent tharaal radio 
amission, often called "protostars". Spactra (typically with resolution 
X/6X%60) in the ground-based 2-4 ym and 8-13 ya windows of aany examples 
of both classes of objects arc available in the literature. Tha 8-13 ya 
spectra show evidence of silicate dust grains. The silicate feature is 
seen in emission in the Orion Trapezium, but most objects exhibit 
various amounts of silicate absorption, believed due to extensive over- 
lying cold dust. In the 2-4 ya spectrum there is often an absorption 
feature having maximum depth at 3.1 ya; this feature is usually attribu- 
ted to water ice. The shape of the feature is, however, not entirely 
consistent with water ice absorption, in that there is significant 
eptlcal depth between 3.3 and 3.5 ym (Merrill et al. 1976). Neither 
vatcr nor ammonia ices would be expected to absorb sufficiently at these 
•evelengths to explain the observed shape of the feature. There is no 
correlation between the ice and silicate optical depths, except that if 
fee absorption is present, there is also finite silicate absorption pre- 
•ent. 
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The Kulpar Alrborn* Obasrvacory has raesntly aada posslbla obssr- 
vatlons In tha 4.5 to 8 un spactral raglon. A total of 11 sourcaa 
obscurad by aolacular cloud aacarlal hava now baan obsarvad spactro> 
scoplcally at thasa wavalangths (Ruasall at al. 1977, Puattar at al. 
1979, Solfar at al. 1979, Puattar at al. 1980). All hava daprasslona 
In tha spactriB batwaan 6 and 7 ua, and In aost casas It can claarly ba 
scan that thara ara tvo dips, cantarad near 6.0 and 6.8 ua. By far 
tha strongast faacuras wara obsarvad In tha source W33A (Solfar at al. 
1979), which also has tha strongast silicate and 3.1 ua absorptions 
known (Capps at al. 1978). The spectrum of this source Is shown in 
Figure 1. Tha 6.0 and 6.8 wa features ara spectrally resolved and hav« 



Fig. 1. Tha 2 to 13 ua spactrua of W33A. The 1.6-4 and 8-13 ua data 
ara from Capps at al. (1978), and tha 4-8 ua data ara from Solfar at al* 
(1979). Error bars are shown when the statistical uncertainty exceeds 
5Z. Tha solid line represents the spectrum of a 450 K blackbody. 
Central wavalangths of 4 absorption features are marked. 
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widths of shout 0.6 and 0.7 ua« raspsctlvsly. Ths widths and positions 
of similar faaturcs ara lass easily determined in the spectra of other 
sources • but they arc consistent with those in V33A. Table 1 gives the 
approximate peak optical depths of the features measured in 11 sources; 
Che observations will be reported in more detail elsewhere. These 
numbers are, of course, strongly dependent on Che choice of continuum 
level, which has generally been chosen as a blackbody fit through the 
spectrum at 4. 5-5. 5 ym and at 8.0 ym. 


TABLE 1 

PEAK ABSORPTION OPTICAL DEPTHS 


ObJ act 

6.0 ym 

6.8 ym 

Becklin-Neu^ebauer 

0.3 

0.3 

Sharpless 255 

0.2 

0.2 

AFGL 989 

0.3 

0.4 

W33A 

1.9 

1.5 

AFGL 2136 

0.3 

0.3 

AFGL 2591 

0.2 

0.2 

AFGL 2884 

0.5 

0.3 

NGC7538/IRS1 

0.5 

0.4 

NGC7538/IRS9 

0.6 

0.4 

V51/IRS2 

0.5 

0.5 

K3-50 

0.3 

0.3 


The 6.0 and 6.8 ym features were not seen in Che line of sight to 
the galactic center (Wlllner et al. 1979). The features must therefore 
be characteristic of siaterlal in molecular clouds, rather Ctiau low- 
density interstellar material. The strengths of Che features are not 
correlated with Che strength of the silicate absorption and are only 
weakly correlated with the strength of the ice absorption. 


discussion 

It was first proposed that the 6.0 and 6.8 ym features were charac- 
^RTistlc of hydrated or otherwise processed silicate minerals. Such 
features have been seen between 6 and 7 ym in the laboratory (Duley and 
McCullough 1977, Stephens and Russell 1979, Day 1978), although not at 
(he exact wavelengths of Che astronomical features. However, the fea- 
tures have not been seen to be as deep relative to Che 10 ym band as in 
M33A. Moreover, the water of hydration band in silicates is usually at 
^•1-6.2 ym rather than 6.0 ym and is only about half as wide as the 
Mtronomical absorption bands (Stephens and Russell 1979, Day 1978). 
finally, the low temperatures of molecular clouds would seem more con- 


ORIGINAL PAGE IS 
OF POOR QUALITY 


JM S.r.WlUSE»ETAL 

duclve CO cho formation of let manclca Chan hydraetd grains, whereat 
in Che envelope of an OH-IR tear, where hydrated grains might be ex- 
pected, no 6.0 or 6.8 urn features were found (Forrest et al. 1978). 
These erguments suggest that silicates ere unlikely to be responsible 
for Che 6.0 and 6.8 urn features. 

Hydrocarbon bonds presently appear to be Che most likely candidates 
for explaining Che 6.0 and 6.8 urn features. The 6.0 urn band would be 
Identified with the stretching vibration of the carbonyl group (C-0) 
with possibly some contribution from the stretch vibration of the C*C 
group. The 6.8 urn band would be identified with Che scissors vibration 
in Che methyl (CH 3 ) or methylene (CH 2 ) group. It is doubtful that any 
single molecule would be responsible for Che observed absorptions, but 
rachrr, a large variety of molecules containing these groups would con- 
tribute to Che observed bands. This is consistent with Che broad 
absorptions that are observed, with Che characteristic signatures of 
Che functional groups in specific molecules being lost. 

The column densities of the appropriate absorbers can be crudely 
estimated using observed equivalent widths and laboratory integrated 
band intensities (Puetter et el. 1979, Waxier 1967). These rolumn 
densities, compared either to silicate or Co radio CO column densities, 
generally indicate an amount of carbon comparable to but less chan that 
in Che form of CO. 

The stretching vibration of the C-H bond is centered at 3. 1*3. 4 ua, 
depending on Che specific group involved. The absorption is expected 
to be somewhat greater chan that of Che 6.8 um band, and it could even 
be strong enough to explain all of Che observed absorption between 2.9 
and 3.5 um. It is possible Chat some of the absorption is actually due 
to ice, but a major portion must be due to hydrocarbons. There will 
probably be no difficulty explaining Che observed shape of the absorp- 
tion with an appropriate mixture of molecules, either with or without 
ice. 


Radio observations have shown the presence of quite complex hydro- 
carbons in molecular clouds (e.g., ICroto et al. 1978, Wlnnewisser and 
Valmsley 1978), but the derived abundance of known hydrocarbons is con- 
siderably smaller chan that indicated here (Allen and Robinson 1977 and 
references therein) . The lack of radio detection of such large abun- 
dances of hydrocarbons could be explained if most of the molecules are 
coated onto grains, where Che lack of freedom to rotate would prevent 
radio emission. Such a situation would not be surprising at the low 
temperatures characteristic of molecular clouds (Watson and Salpeter 
1972). 


If large abundances of hydrocarbons in molecular clouds can be 
confirmed. It will probably require that their formation rates be 
higher chan presently believed. Most of Che available calculations 
include only gas-phase reactions, but for a full understanding of 
molecular clouds, it may be necessary to consider Che far more complex 
subject of surface reactions. 
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DISCUSSION FOLLOWING WILLNER 

Thaddeus: It does not seem to me that you are talking about an 

unreasonable amount of carbon in C«0 bonds. We only see a fraction of 
the total carbon in molecules like CO, and the rest has to be somewhere. 

Villner: Yes. There must be a family of molecules with C*0 bonds 
because the spectral features are resolved even with our low resolution, 
and no one particular molecule would make features as broad as that. If 
*'■10^ of the carbon is in the form of CO, another 10% in the form of 
hydrocarbons would be more than enough to account for the observations. 

The implied abundance is, however, much higher than suggested for 
individual hydrocarbons in the radio. 

Creevhera : Earlier the point was made that there is as much oxygen 


I • 

1 . 
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in H 2 O as in CO, as if this were an awful lot of H20. I figured out 
that this would aean that at aost 10% of all the oxygen is in H 2 O. if 
what you say is true about CO relative to H 2 O, then there is a further 
reduction by a factor of 4, so there is not such a large amount of H 2 O 
compared to what we find in dust. 

Villnar: The data show considerable scatter, but the 3.1 urn 

absorption is roughly 10 times as strong as the 6.0 um absorption, if 
the absorption efficiency per bond for OH stretch is as great as for 
C>0 stretch, half as much oxygen in OH bonds as in CO would account for 
the 3.1 feature. If I have interpreted them correctly, Hagen's data 
suggest that OH stretch is a more efficient absorber than C»0, so an 
even smaller number of OH bonds would suffice. 

Allcanandola: I will take the bait early. What are your reasons 

for attributing the 6.0 urn feature to hydrocarbons and not, say, water 
of hydration or the H-O-H bend or H-N-H bend in the classic dirty ice? 
This vibration shifts considerably from its uncomplexed position at 
1600 cm"',.toward"r700-cm'^ (6. 0*6. 2 um), and undergoes substantial 
broadening when it complexes. 

Willntr: We are not aware of the possible shift in wavelength or 

the suppression of the 11.3 um ice feature. There are a few sources, 
such as OH 0739-14, where the 3.1 um absorption has returned to the 
continuum level by 3.3 um, and the 11.3 um absorption is present, and 
we felt that these characteristics indicated the presence of ice. Most 
sources do not look like this, and it seemed natural to suggest something 
other than ice. Also, the 3.1, 6.0, and 6.8 um features occur together, 
and would probably be the strongest absorptions for hydrocarbon molecules. 
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ABSTRACT 

The infrared spectrum of Y CVn(N3; C4, S; SKb variable) is presented with essentially complete 
wavelength coverage from 1.2 to 30p.m and mostly at a resolution AA/A of 0.02. The previous 
identification of C, at S.2 ytm by Goebel et al. is confirmed. There is no clear evidence for the 
SiCj vp fundamenul absorption band at SJiita; but the ll.S/xm SiC particulate emission 
band is seen. The ll.S/xm band shape is consistent with the laboratory measurements of 
crystalline SiC made by Dorschner et at. Thus both Cs in the stellar photosphere and circum* 
stellar SiC contribute to the violet opacity in Y CVn, although is dominant. The power 
radiated in ihe circumstellar SiC band is shown to be inadequate to account for the violet opacity 
in Y CVn, a result which supports the conclusion of Bregman and Bregman. A 7.S ^m absorption 
band is observed for the first time and attributed to a mixture of HCN and C^Ha. Opacity between 
2.4 and 2.7 is observed for the first time and is consistent with the An — 1 Ca l^d. The 
molecules present in the infrared spectrum— CO, CN, Ca, Ca, HCN, and CaHa — are generally in 
agreement with the models of Tsuji, Scab, Johnson, Beebe, and Sneden, and Querci and Querci. 
A possible emission feature is observed at 22.5 fim. Its significance and possible origin are dis- 
cussed. I he 1.6 fim H' opacity minimum is seen, a requirement for detection of the photosphere. 
With the exception of the ll.Siim SiC band and the emission feature at 22.5 ftm, the photo- 
sphere is dominant over circumstellar emission out to 30 ^m. This result should limit the amount 
of carbon-rich materia! (graphite) which early N type carbon stars similar to Y CVn could b<; 
capable of injecting into the interstellar medium. 

Subject headings: infrared: spectra — line identifications — stars: carbon — stars: individual 


I. INTRODUCTION 

The N type carbon star Y CVn (N3; C5, 4; SRb 
variable) is the first star in which the 3.2 pm band of 
Cj has been identified (Goebel vt al. I978n). This 
molecule is probably the source of the well known 
violet opacity in many carbon slurs (Bregman and 
Bregman 1978), although particulate SiC may be 
important in others. The original infrared observa- 
tions of Cj used an InSb detector, restricting spectral 
coverage to wavelengths less tliun 5.6 ftm. Conse- 
quently, the presence of the 5.7 /on band of SiCg, the 
molecule responsible for the Mcrrill-Sanford bands 
and from which SiC particles intiy condense, could 
not be addressed. 

This paper reports spectropholometric observations 
covering the essentially complete wavelength interval 
1.2-30 ^m. Two new sets of observations wt-re made, 

* Ames Associate, NASA Ames Research Center. 

* NASA Ames Research Center. 

* Ball Aerospace Systems Division. 

* University of California, San Diego, Department of 
Physics. 

* Department of Physics. California Institute of Tech- 
nology. 

* CRSR, Cornell University. 


the first within a 1 month interval. Previous observa- 
tions of another carbon star, V Cyg (N; C7, 4e; Mira 
variable), suggested that dust emission was responsible 
for most of the flux beyond 4 pm (Forrest, Gillett, and 
Stein 1975; Puettrr et al. 1977). In contrast, the flux 
of Y CVn is apparently dominated by the photosphere 
out to 30 pm. Our wide spectral coverage also allows 
the H~ continuum to be examined. These are the first 
observations from 2.4 to 3.0 pm, 5.3 to 8.0 pm, and 
16 to 30 Min of such an unveiled carbon star. The data 
from 1.2 to 30^01 indicate that the photospheric 
continuum dominates over any featureless circum- 
stellar radiation out to 30 pm A newly discovered 
emission feature at 22.5 pm is interpreted as arising 
from circumstellar material. 

The present observations confirm the identification 
of the Cj band at 5.2 pm; and show that if SiCj is 
present, the SiQ absorption band at 5.7 pm would be 
obscured by C, at 1% spectral resolution. Silicon 
carbide (SiC) emission at 1 1 .5 pm exists simultaneously 
with Q) absorption at 3.2 pm, requiring a contribution 
of both species to the violet opacity in Y CVn. The 
polyatomic molecules HCN and C 3 H 2 are expected to 
have absorption bands of observable strength between 
4 and 8 pm, and a band centered near 7.5 pm is 
attributed to a mixture of HCN and C 3 H 3 , with a 
possible contribution from CS allowed. 
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II. observations 

The data discussed here represent the combined 
observations of the Ames group (l.2-4.0fim, 1.2- 
S.S and 8.0-13.5 /im), the San Diego group 
(2. 1-4.0 /im, 4.3-8.0»xm, and 8.0-13.5 /*m), and the 
Cornell group (1 6-30 ^m), and are displayed in Figure 1 
as Spectra 11 and III. The data set of 1976 December 14 
(Spectrum I) was discussed by Goebel ei al. (1978o). 
Table 1 lists the pertinent ot»ervational parameters. 
The method of data reduction to absolute spectro- 
photometry of the Ames group is discussed in detail 
by Strecker, Erickson, and Wittebom 1979. The San 
Diego group's method is discussed by Puetter et al. 
(1979). Both techniques produce calibrated spectro- 
photometry through reference to established secondary 
standards, which in turn are calibrated against an 
a Lyrae flux curve. The Cornell group’s method is 
discussed by Forrest, McCarthy, and Houck (1979). 

The observations taken between 1978 January 4 and 
February 18 are combined into Spectrum II, Figure 2. 
The vertical scale of Figure 2 may be called normalized 
deviations from the Planck function. Since Y CVn 
is an SR6 variable, it is necessary to observe the 
different wavelength intervals nearly simultaneously. 
The calibrated spectrophotometry can be recovered 
from Figure 2 by multiplication of each point by a 
function 

f* - )V,-‘iJ(r».. A). 

where B(Tn, A) is the Planck function of temperature 
r.. at the wavelength A, and /V^ is a normalization 
constant. Nf and Tbb itre listed in Table I for all the 
observations. Tbb will be considered an infrared color 
temperature ” Tbb* The data in Figure 2 are 
plotted with a logarithmic vertical axis. This allows 
the data from the three spc'tral regions to be shifted 
vertically to normalize them, while preserving the 
spectral shape. The vertical shitis are only a few 
percent. The logarithmic horizontal axis transforms 
constant resolving power (SO) into a constant linear 
measurement on the page across the entire range of 
wavelengths. 
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The observations taken between 1978 April 5 and 
June 26 were combined into Spectrum 111. The 16- I 
30 ^m flux was calibrated by comparison with several 
standard stars, which were observed during the same 
flight series, and is believed to be accurate to approxi- 
mately ±15%. The shape of the spectrum and the air ' 
mass corrections necessary shortward of 17 fim due 
to terrestrial COj were derived using our unpublished 
spectrum of Mars, the spectrum of IR(^ +10420 i 
(Forrest, McCarthy, and Houck 1979), and laboratory ^ 
blackbody spectra obtained before and after the flight 
series. B^ause of the low signal-to-noise in the 
original 0.2 /im resolution spectrum, the data have 
been binned into I ^m (from 18.5 to 25.4 /tm) and 
2^m (at 17fitn, 27 i^m, and 29fim) bandpasses and 
averaged. There were from 40 to 100 individual 
mtasurements in bin. The data shown in Figure 1 
have ± 1 error bars. Within the errors, the 16- 
30 /.im flux is a smooth continuation of the shorter | 
w.avelength data. j 

There \i an important difference between the data I 
reproduced here and that of Goebel et al. (1978o). | 
That work approximaied the standard star 03 Gem, , 
KO 111) flux curve by a 47(X) K. blackbody. The pro- | 
cedure was justified because no spurious molecular 
features were introduced, and spectroscopy of molec- 
ular constituents was the subject of discussion. But 
that method is inadequate for the determination of 
any continuous opacity sources unless the standard is > 
free of H " opacity (/5 Gem is not). The standards have 
now been referenced to a Lyr, permitting the nature of i 
any continuous opacity to be examined. . 

Ul. INTERPRETATION | 

a) The Photospheric Continuum i 

There are a variety of opacity sources which might 
form the continuum level which is observed hett 
(Querci, Querci, and. T.xuji [QQT] 1974), e.g., molec- 
ular lines, H", and photcspheric or circumstellar dust. 

We urgue that H* dominates the continuous photo- 
spheric opacity in Y CV;i. A direct comparison should 
be made of Spectr..m 11 (Fig. 2) and Spectrum I | 


TABLE 1 


Infhareo Observations of Y Canum Venaticoru.m 


Date or 
Observation 

Wavelength Comi’oviie 
Range Spectrum 

(>im) Numlier 

Observatory 

Detector 

Type 

TVs 

CK) 

N, 

Standard 

Star 

Observers 

1976 Dec 14.... 

1. 2-2.4, 
2.9-56 

1 

KAO 

InSb 

2900 

Z67 X 1(P» 

Gem 

Ames 

1978 Jan 4 

1 .2-4.0 

II 

Learjet 

KAO 

InSb 

2750 

2.50 X 10»* 

p And 

Ames 

1978 Feb 2 

4.J-8.0 

II 

PbSnTe 

2750 

2.50 X 10“ 

• Tau 

UCSD 

1978 Feb 18 

8.0-13.5 

II 

NASA-UA 
Mt. Lemmon 

Si: As 

2750 

3.05 X 10“ 

3000K 
(a Boo) 

Ames 

1978 May 23.... 

4.3-8 0 

III 

KAO 

PbSnTe 

2800 

2J0 X 10“ 

a Boo 

UCSD 

1978 Jun 26 

2.1-4.0 

III 

UeSD-UM 
Mt. Lemmon 

InSb 

2800 

2J X 10“ 

1 | UMa 

UCSD 

1978 Apr S 

8.0-13.5 

III 

UeSD-UM 
Mt. Lemmon 

Si:As 

2800 

2J0 X 10“ 

a Boo 
(4000 K) 

UCSD 

1978 May 6 

16-30 

III 

KAO 

Si:Sb 

2800 

2.25 X 10“ 

IRC + 10420 

Cornell 
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Fio. 2 . — The normalized deviations from a Planck function of r»i “ 2750 K for the carbon star Y CVn. The three wavelenph 
intervals covered by the observers are', small dots, I^-4.0 |im; large dots, 4.3-8.0 circled small dots, 8.0-13.3 ^m. The resolution 
out to 8.0 Mm it about 27.; from 8.0 to 13.3 ^m, it is 47.. The fundamenul absorption band as observed in 19 Psc is indicated by 
a smooth heavy line between 3 and 6 ^m. The band heads, origins, and centers of various species discussed in the text are positioned 
below the spectrum at their measur^ or computed wavelength. The relative height of HCN and CaH* band indicators gives a 
crude measure of intrinsic band strength. The gap at 4.2 ntn is due to telluric COa interference. The apparent absorption at 9.3 nm 
is attributed to telluric ozone. The 11.3 ^m emission band is compared with the prope^es of amorphous and crysulline SiC, as 
discussed in the text. The curve labeled 2600/10.0 is as in Fig. 1, but with the continuum removed by C* 2600/10.0. 
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(Figure I of Goebel el al. 1978a). The point to note is 
that in Spectrum 1. the 1.38 /xm level of Y CVn is not 
depressed relative to the 1.73 /ini level. The H* 
present in fl Gem (KO III) causes a depression of its 
own 1.38 ^m level relative to its 1.73 level when 
comparison is made directly with a blackbody of 
temperature (4700 K) appropriate to wavelengths 
longward of 1.6 /xm. llius one can conclude that there 
is H~ opacity present in Y CVn in an amount nearly 
equal to that observed in p Gem, if the effect in ques- 
tion cannot be attributed to other opacity sources. 

Photospheric dust could cause opacity throu^out 
the entire 1.0-2.S/xm range but is not expected in an 
atmosphere with a T,n of 2500 K. Circumstellar 
extinction, which produces absorption of the 1.38 /xm 
radiation relative to the 1.73 /xm radiation, also causes 
unacceptably large extinction in the visible. Dust can 
contribute very little to the effect being considered. 

Cyanogen (CN) is the only abundant molecule 
which has absorption bands at 1.38 and 1.73 /xm. In 
order to check the effect of weak CN lines at 1.38 and 
1.73 /xm when large column densities are present, we 
computed the opacity at 17 s spectral resolution for 
column densities of up to 10^* CN molecules per cm* 
(a typical model atmosphere will have less than 10** 
molecules per cm* of Hj and less than 10‘* of CN 
[Johnson, Beebe, and Sn^en 1975]). All known weak 
lines were included (Augason and Bailey 1978, private 
communication): between 1.35 and 1.75 /xm there are 
over 12,000 lines. Only column densities greater than 
10** depressed the 1.38 and 1.73 /xm levels significantly. 
A relative depression of only 9% could be product 
with 10** molecules/cm*, less than half the observed 
depression. 

Querci, Querci, and Tsuji (1974) and Querci and 
Querci (1974, hereafter Q*) have produced carbon 
star models with T^, as low as 2200 K. A depression 
shortwards of 1.6 /xm similar to that being discussed 
here is characteristic of the models. A synthesis of 
their spectra using continuum sources only for com- 
parison with a variety of carbon stars (Goorvitch and 
Ceobel 1980, hereafter G*) shows that H~ bound-free 
opacity dominates the continuous opacity sources at 
wavelengths less than 1.6 /xm in the models. Addition 
of CN red system opacity using the band model of 
Johnson, Marenin, and Price (1972) did not change 
this conclusion, even though this band model produces 
CN bands much stronger tliiin those in real stars, 
principally because of their use of the straight mean 
band model (Carbon 1974). 

The flux curve of the 2600 K/I0.0cms~* model of 
Q* has been reproduced in Figure I. Although it is not 
exactly appropriate to Y CVn, it does illustrate the 
H~ opacity effect under discussion. Even though the 
CN bands are strong, the underlying continuum 
sources are evident, specifically the H* peak. The 
H~ peak has been shifted to a longer wavelength 
because of the presence of the CN and CO bands, a 
fact noted by F. Querci in his thesis (1969). A T^, of 
2500 K might be more appropriate to Y CVn and 
might produce stronger Cj bands than are apparent 
in the 2600 K model. It would be very valuable to 


create a denser grid of models of the Querci type for 
carbon stars in terms of T^ri *nd perhaps g 

than is presently available, as well as extending them 
to lower temperatures. 

In Figure 3 we make a direct comparison between 
Spectrum I and the Q* band model with 7*^, ■■ 2600 K 
and g m lO.O cgs units along with the continuum only 
calculation of G* for the same values of Ttii and g. 
Except for the C, Ballik-Ramsay AF ■■ 0 band at 
1.8 /xm, the polyatomic band at 3.1 /xm, and the C, ■ 
band at 5.2 /xm, the Q* flux curve comes quite close 
to the measured curve. (^ fact, the angular diameter 8 
determined from the ratio of stellar flux F* and model 
flux F“ at 3.7 /xm is 6 - ((4/irKF*/F**)l‘'* - 13.1 
milli-arcsec, a very reasonable value.) The bands 
weaken the H~ peak, but have little effect on the 
1.35 /xm continuum level. It is the H~ opacity mini- 
mum which pves rise to the depression of the 
1.35 /xm level in Figure 2 compared to the 1.73 /xm 
level. If, in Figure 2, we had chosen to divide the flux 
by a blackbody passing through 1.35 /xm and 3.6 /xm, 
then the 1.73 /xm level would have bwn greater than 
1.0, and therefore would have been an apparent 
emission feature. 

Thus H~ is the dominant source of the observed ! 
relative depression of the 1.35 and 1.73 /xm levels in 
Spectrum II. Since the H~ opacity effects can be seen, 
we can conclude that we are observing the photospheric . 
continuum in Y CVn. j 

From Spectrum III, there is no featureless infrared ! 
excess above what we are interpreting to be the photo- 
spheric continuum of Y CVn, at least out to 30 /xm. 
Broad-band photometry (Jones and Merrill 1976) of 
early N type stars and N type spectra at our disposal 
indicate the lack of large featureless excesses in the j 
early N type carbon stars, at least to N3. Thus it ! 
appears that photospheric continuum with superposed 
molecular absorptions dominate the sp^tra of early 
N type carbon stars to N3, i.e., those with Tnn greater . 
than 2800 K. 



Fig. 3. — A direct comparison of the observed Spectrum I 
of Y CVn (solid line) with (he flux spectra of the CF 2600 KJ 
10.0 cm s'* model atmosphere {circled dots connected with 
dashes) and the C* 2600 K/10.0 cm s'* model (dots). The lack 
of agreement in certain bands is discussed in the text. 
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b) CO, Cs, and SiC« 

With extension of spectral coverage out to 8 /xin in 
Spectrum II, we confirm the upturn, in Spectrum I, 
of the 5.2 Min absorption band at wavelengths greater 
than 5.2 /xm. In fact, the upturn proceeds to essentially 
a continuum level at 6 . 6 ^ 01 . In Figure 2, the CO funda* 
mental of 19 (TX) Psc (NO; C 6 , 4) has been super- 
posed. The star 19 Psc has a higher Tw (4000 K) than 

Y CVn (2800 K). Hence the CO fundamental of 19 Psc 
should extend to longer wavelengths than that of 

Y CVn. The extraordinary difference in band profiles 
tetween the two stars requires another source of 
opacity in Y CVn. The observational indications of Cs 
are confirmed by the model discussed above. In 
Figure 2 are plotted the CO fundamental values of 

2600/10.0. Again the differences require some other 
molecule than CO. The Cj molecule quite adequately 
accounts for the difference (Treffers and Gilra 1975). 
On the basis of temperature alone (Tsuji 1964), 
is expected to be abundant in Y O'n and not in 
19 Psc. A 5.2 /xm band profile similar to Y CVn has 
also been observed in UO Aur and RY Ora (Goebel, 
unpublished data). The C^ molecule is expected to be 
abundant in the latter stars, because of their tempera- 
tures. 

On the long-wavelength side of the 5 . 2 ^ 1 ° band 
there is a small inflection between 5.8 and 6.0 /xm. 
From the preliminary high-temperature laboratory 
data of Treffers and Gilra (Trcifers, private com- 
munication), the SiCs fundamental is expected 
^tween 5.6 and 6.0 fitn. But on the basis of a dissocia- 
tion equilibrium model (Scalo 1973) appropriate to 

Y CVn (Afc/Ao - 1-66 {Gow 1977]) with Afc/A^o - 1-5, 
log P, ■■ 2, and 2700 K (the choice of 2700 K will 
become apparent in the next section), the ratio of 
partial pressures of Q, and SiC^ is expected to be 
PcJPmc, ~ >00. If the Cj 5.2 band and SiC, 
5.7 /xm band are of equal strength per molecule, then 
Scalo's model does not predict a strong SiC^ band. 
However, the Merrill-Sanforu electronic bands of 
SiCj are present in the visible spectrum of Y CVn, so 
some SiCa must be present. Electronic bands do tend 
to be much stronger than vibration-rotation bands, 
implying no contradiction, hut the relative band 
strengths are not available. The inflection near 5.7 moi 
appears in both Spectrum II and Spectrum III, but 
there is also an inflection betwiren 6.3 and 6.5 
Both inflections are near terrestrial water vapor bands, 
and may be due to imperfect utiiiuspheric correction 
for HjO. In either case, there is no clear indication of 
SiCg in Y CVn in any of our infrared spectra. 

c) Other Bands and Molecules 

At 7.5 ftm in II and Spectrum III, there is a previ- 
ously unobserved absorption band. In Table 2 we list 
the molecular species expected to be abundant in 

Y CVn on the basis of the Scalo (1973) and Tsuji (1964) 
models, and which have absorption bands between 4 
and 8 mui- Consideration of temperature, relative 
abundance, and band center wavelength leaves only 
HCN, C 2 H 3 , and CS as real possibilities. Pierson, 




A 


ORiGlT'lAL PAGE 
OF POOR QUALITY 

OF Y CVn 109 

Fletcher, and Guntz (1956) show the 7.1 urn band of 
HCN and 7.5 i^m band of QHj to be roughly equal in 
strength at room temperature. By combining the bands 
of both molecules, it appears that qualitative agreement 
is possible with Spectrum II. An overlapping of HCN 
P-branch and C 2 H 3 R-branch, with the HCN absorp- 
tion somewhat stronger, would reproduce the 7.45 fim 
minimum, while the HCN R-branch (7.0 /xm) would 
be stronger than the C 1 H 3 P-braneb (7.8 ftm). An 
additional contribution to the 7.45 fita minimum could 
come from a temperature-sensitive Q-branch of C^Hj 
(Bell and Nielsen 1950), which is centered at 1328.5 
cm'* (7.5 Min). The Q-branch becomes stronger as 
temperature increases. A contribution from CS is 
allowed in the 7.5 mid band, but cannot account for 
the band shape or the band center wavelength. It would 
be useful to test these conclusions at hi^ resolution 
in the 7.5 mid band. 

From Table 2, Tsuji’s models show HCN to be 4 

about an order of magnitude more abundant than 
CaHj at 2000 K, and the model is included for com- 
parison. While trends in molecular abundances of 
Tsuji's model appear to be consistent with our data, 
none of them are exactly appropriate for Y CVn. In 
contrast, Scalo’s models may be more consistent with 
our analysis. For NdNo -> 1.5, and logP^ 2.0, he 
finds PuchIPcw, * 10 at 2800 K, a: 1 at 2700 K, and 
sjr»t 2600 K. I ” 

Since the bands at 7.5 and 3.1 mid involve both I 
HCN and C 3 H 2 , their shapes should be sensitive to 1 
temperature changes on the order of 100 K at both ! : 

high and medium resolution. Spectra I, II, and III j ' 

Y CVn show band shape changes not attributable to 
noise, while the infrared continuum temperature ' 

changes on the order of 100 K. This change in the 
3.1 mid band shape is displayed in Figure 4. Band 
variability at 3.1 i^m also occurs in other carbon stars 
that we have observed more than once from the Kuiper 
Airborne Observatory or Leaijet (Goebel et al. 19786). I 
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Fio. 4 . — The temporal variability of the 3.1 Mtn band in 
Y CVn. Variation also occurs in other carbon stars as «ell, 
such as TX Psc and R Lep. I 0 error bars deduced from 
multiple scans of the band are indicated vertically. The spectrev 
photometer sUt function evaluated near 3.1 itm is also tnduded. 
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TABLE 2 


A. TfOJi's Moon.* (hfc/No - 3. log /», - 3.0, T, - 2000 K) 


Band Center* 
at 300 K (urn) 
Molecule or Band Head 

Temperature 
Range of 
Maximum 
Partial Pressure 
•4-IOOOK 

^mlmlPacn 

HC>I 

... 7.1, 4.8, 3.1 

1. 0-2.3 

1.0 

CjH* 

... 7J,3.1 

1. 0-2.5 

0.06 

Cj 

... 3.2 (3000 K) 

2.1-3.2 

4x10-* 

CH« 

... 7.7 

<15 

4x10“* 

C.H 

... 6.9 

<1.2 

6xl0-» 

C*Nj ...... 

... 35,4.8 

1.7-3.0 

2xl0-» 

C»H« 

... 6.7 

1.23 

<io-«* 


Si > S (Solar) 


CS 

. 7.3 

2.O-3.0 

5x10-* 

SiS 

6.6 

<2.0 

2x10-* 

SiO 

8.1 

<1.8 

4x10-* 

Sic:« 

3.7 (3000 K) 

1. 3-2.3 

3xl0-« 

HjS ••••••••• 

7.8 

<1.2 

6x10-* 

Si < S 

CS 

7.3 

<3.3 

3x10-* 

SiS 

6.6 

15-2.0 

8x10-* 

SiO 

8.1 

>1.8 

3 X 10-* 

SiCj 

. 3.7 (3000 K) 

1. 8-2.8 

2x10-* 

HjS «*ae**ee« 

7.8 

<15 

6x10-* 

B. Scald’s Moons* (ATe/^o ~ 1.3) 

Molecule 

log - log Pu 

PmuJP BCN 


logP, - 2.0, T. - 

2630 K 


HCN 

-6.6 


1.0 

C.H, 

-6.6 


1.0 

Cj 

-6.3 


2.0 

SiC, 

-8.0 


0.04 

CS 

-4.8 


63 

SiS 

-7.7 


0.C8 

CO 

-3.0 


4000 

CN 

-4.3 


130 

C, 

-3.7 


7.9 


logP, - 0.0, T, - 

2300 K 


HCN 

-7.3 


1.0 

C,H 

-7.3 


1.0 

C3 

-6.3 


10 

SiC, 

-8.0 


0.16 

CS 

-4.8 


230 

SiS 

• . . 



CO 

-3.0 


16,000 

CN 

-4.6 


30 

Ca.... 

-3.9 


23 


• From Tnuji 1964, 1973. 

*C» from Treffers and Cilra 1973, SiC from Treffers (private 
rammuntcaiion), polyatomks from Pierson « al. 1936, diatomics 
from Bailey (unpublished). 

• From Scalo 1973. 
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The star Y CVn is not the most dramatic example. 
These band changes are also accompanied by tem- 
perature changes on the order of 100 K. 

An interesting feature of Scalo's models is that, in 

E rinciple, luminosity class can be determined from a 
nowledge of /’■cn/^cik,> ^c/^o> stellar tempera- 

ture. In the case of Y CVn, if Pucnl^c,w, • 1. ^c/^o • 
1 .5. and T, ^ 2650 K, then log - 2. If T, - 2300 K, 
then log > 0. All the other molecules listed in 
Table 2 from his models — CO, CN, Cg, Cg, SiS, and 
SiCg — have the same ratios PmJPn in either case. 

Beyond the CO first overtone minimum at 2.35 ^m 
there *s additional opacity. The likely possibilities are 
Cg Ballik-Ramsay AK — — I (Ballik and Ramsay 
1963), HCN vg + vg and 2 vg -f vj (2*branches (Rank 
et al. 1960), CgH vj (Jacox 1975), and CgH* v, + v.‘, 
vi + 2 + v**, + v** + vg*, and v* + vg' com- 

bination bands (Bell and Nielsen 1950). Ridjnvay etal. 
(1976) have observed a line of the + Kg* CgHg band 
in IRC +10216. Goebel et al. 19786 have identified 
the CgHg bands in other carbon stars mainly of infra- 
red temperature less than 2000 K. In Y CVn, r«3! 
2800 K. For this higher temperature Cg and perhapt 
HCN are the most likely candidates. Ab initio banc 
shape calculations by D. Cooper (private communica- 
tion) of Q at 2000 K and viewed by a 1% resolution 
slit function give good agreement with the two ob- 
served minima at 2.48 and 2.58 ^m (see Fig. 5). High- 
resolution observations are needed from the Kuiper 
Airborne Observatory (KAO) to clarify the 2.5- 
2.9 ntn region in Y CVn. Any unaccounted for lines 
may well come from CgH, an abundant radical. 

None of our spectra of Y CVn reveal significant CS 
at 3.9 Min or SiS at 6.6 /im. The CS molecule has been 



Fio. 5. — A comparison of the atmospheric opacity in the 
2.S Mm region of Y CVn Spectrum II with a single slab opacity 
of 2000 K. CN opacity at 2.2 ^m is not included in the 
computation, even though present in the star. The spectro- 
photometer slit function near 2.3 ^m is also included. 


observed by Ridgway, Hall, and Carbon (1978) and 
Bregman, Goebel, and Strecker (1978) in other carbon 
stars, and may contribute to the 7.5 M>n band observed 
here. The two molecules CS and SiS are among the 
most abundant of species; but their abundances are 
two orders of magnitude less than CO. Their lack of 
strong absorption bands is easily accounted for be- 
cause they are diatomics; their fundamental and over- 
tone bands should be considerably weaker than those 
due to CO. An instrumental spectral resolution of 2% 
further dilutes their strongest band heads. At hi^ 
resolution, CS and SiS may be apparent in Y CVn at 
7.3 and 6.6 Mm. The relative strength of CS at 7.3 Mm 
and SiS at 6.6 Mm could provide a determination of 
the Si/S ratio based on Tsuji's models. Alternatively 
the CS and SiS measurements could choose whether 
Tsuji's models or Scalo’s models in Table 2 are 
appropriate in carbon stars. Tsuji obtains a much 
lower partial pressure of CS than Scalo, even with a 
much greater NJNo- 

d) Dust Crains 

The well known particulate emission band of SiC 
at 11.5 Mm is present in the spectrum of Y CVn. The 
band shape is similar to that observed in other carbon 
stars by Hackwell (1973), Treffers and Cohen (1974), 
and Forrest, Gillett, and Stein (1975). The usual inter- 
pretation is that SiC grains are injected into a circum- 
stellar cloud by mass loss from the stellar photosphere 
(Gilra 1972; and Treffers and Cohen 1974). We have 
computed how the 1 1.5 Mm band would appear if it 
were due to amorphous SiC based on the absorption 
coefficient given by Fagan (1973), and how it would 
appear if the band were due to the mixture of SiC 
crystalline forms measured by Dorschner, Friedemann, 
and Giirtler (1977). The crystalline material provides 
a reasonable fit to the 1 1.5 Mm band in Y CVn, while 
the amorphous material does not (see Fig. ?). This 
con.'irms the conclusion of Treffers and Cohen (1974) 
that ^stalline SiC is responsible for the 1 1.5 Mm 
emission band. 

The Cg molecule is the principal vaporization 
product of graphite. The presence of Cg in the photo- 
sphere and SiC in the circumstellar shell implies tlut 
both are capable of contributing to the violet opacity 
observed in Y CVn. Bregman and Bregman 0^78) 
have shown that photospheric Cg apparently domi- 
nates the violet opacity in this star. The presence of 
Cg in the photosphere implies that graphite is a likely 
constituent of the circumstellar cloud. Graphite is not 
as easily identified as SiC due to a lack of distinct 
spectral features in the infrared. In principle, limits 
on the amount of graphite can be set by the depth of 
photospheric absorption features, principally the 
strong Cg feature at 5.2 Mm. The dust shell temperature 
is probably less than 1700 K, since SiC is expected to 
condense at 1700 K (Gilman 1969). This is a calcula- 
tion beyond the scope of the present paper (Lucy 1976). 
But from the data of Figure 1, it appears there is little 
or no graphite in the circumstellar shell about Y CVn. 

In spectrum III of Y CVn, there Is an apparent 
emission feature at 22.5 fxm (444 cm * *). Although the 
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sigpal'to-noise ratio (S/N) of the individual ipectral 
points is only modest (about 12), still the feature 
appears 4 a above the continuum level defined by the 
adjacent spectral elements. The 16-30 um data were 
obtained at higher spectral resolution thr n is presented 
here. In the original data, the feature is apparent in 
several adjacent spectral elements. Spectrum III is a 
spectral average of I ^m wide intervals between 18 and 
25 >im, as discussed earlier, for the purpose of present- 
ing a higher S/N ratio. Since these are the first observa- 
tions of a spectral feature in this wavelength region in 
a carbon star, confirmation of the observations are 
necessary in Y CVn and other similar N type stars like 
RY Dra, X Cnc, or UU Aur. However, a brief discus- 
sion of the feature’s nature and possible origin is 
warranted by the present data. 

The 22.5 Mtn feature rises above the photospheric 
Rayleigh- Jeans continuum by about 40%, roughly 
the same amount as the I1.5/im feature, which is 
attributable to crystalline SiC. The fractional half- 
width of the 22.5 /im band is no more than 4%, while 
that of the ll.5^m band is 16%. The circumstance 
that these are the only two emission features in the 
infrared spectrum of Y CVn, naturally leads to their 
association with the circumstellar shell. Other carbon 
stars which have been observed in the 22.5 ^m region 
do not show the feature. However, they are only a few 
in number, and their continua at these wavelengths 
are dominated by emission from thick circumstellar 
shells, presumably composed of graphite grains 
(Treffers and Cohen 1974). In contrast, Y CVn is 
dominated by photospheric continuum, and com- 
ponents other than graphite may be apparent. Treffers 
and Cohen (1974) do not see the feature in CIT 6 or 
IRC -f I02I6, nor do Forrest, McCarthy, and Houck 
(1979) see it in V Cyg or CIT 6. The known optical 
properties of SiC or graphite have no outstanding 
(features in this wavelength range. 

None of the atomic or molecular species known or 
suspected to be abundant in Y CVn or its circumstellar 
shell provide a satisfactory identification. We suggest 
that the feature arises from a circumstellar condensate. 
In searching for a possible species, we have restricted 
ourselves to condensates of the most abundant heavy 
elements in a carbon star as adopted by QQT (1974); 
C, O, N, Fe, Si. S, and Mg. All of the O and N and 
most of the S should reside in some gaseous form — 
e.g., CO, Nj, CN, HCN, SiS, and HjS. That leaves 
graphite, metallic iron, and possibly sulfur, along with 
the carbides, sulhdes, and silicides, as the simplest 
possibilities. 

The silicides are not well studied, but the few which 
have been measured by NyquisI and Kagel (1971) are 
featureless in this region. Further study is warranted. 
For example, Birkholz ei al. (I%8) have shown that 
^FeSi2 is a semiconductor, and has a lattice absorp- 
tion at 22.5 fim. However, it has a stronger 27 ^m 
band and can be ruled out. 

Excepting SiC, the knowledge of carbide spectra is 
also very limited. Pure SiC shows no bands at these 
wavelengths of consequence (Tuiizilli, Gebhardt, and 
Ulrich 1975). A weakly bound impurity species could 
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produce a narrow absorption band in the acoustic 
phonon continuum (Sievers 1964) at wavelen|ths 
greater than the transverse optical phonon. Since 
these modes do not require conservation of lattice 
momentum during absorption, relatively high absorp- 
tion cross sections may Ik possible. 

Sulfur and the sulfides have been studied more than 
the carbides and silicides. Neither FeS (Kammori, 
Sato, and Kurosawa 1968) nor MgS (Povarennykh 
ei al. 1971) possesses bands at the right places. Neither 
Si9 or SiSa has been reported in the indexed literature. 
Sulfur crystals show a band at 21.6 /im and 11.8 iim. 
(MacNeill 1963). But sulfur is not expected to be 
stable toward formation of Sj, FeSj, or MgS in the 
circumstellar environment around a carbon star (J. 
Stevens, private communication). Solid FeSj is a 
material which needs further consideration. Verble 
and Wallis (1969) and Schlegel and Wachter (1976) 
have shown that FeS^ has optical phonon modes 
between 22.5 and 25 ><m. Schlegel and Wachter find 
no other bands between 1.2 and 22.5 /xm. Before FeSt 
can be accepted or rejected, a calculation similar to 
that of Gilra (1972) for SiC or experiments similar to 
those of Dorschner, Friedemann, and GQrtler (1977) 
must be performed. 

More complex condensates such as cyanides and 
thiocyanates are spectroscopically interesting. Whether 
one would expect such condensates is not known at 
the present time. For example, iron thiocyanate, 
Fe(SCN)2, has a fairly strong and narrow band near 
21.5 (im according to Nyquist and Kagel (1971). With 
.the exception of a much stronger band near 4.7 fim. 
the 21.5 fitn band is the strongest feature in the 
spectrum of Fe(SCN)2. The 4.7 mid band might be 
obscured by the stronger photospheric background at 
the shorter wavelengths. 

Unfortunately, we are left without a positive 
identification of the 22.5 /xm emission feature. Further 
observations in the 20-25 (im region are planned in 
order to confirm the 22.5 /xm feature. 

One final point concerns the relation of the SiC 
emission in the infrared to the well known violet 
opaci^. Although Y CVn xs a SRfi variable, the 
magnitude of variability is small, about 0.5m,. Many 
of the bands have nearly constant strength, such as the 
Q absorption and SiC emission bands in particular. 
With these factors in mind, we can compare the 
amounts of power abso.-bed, P^fviolet), by the violet 
bands as measured by Bregman and Bregman (1978) 
with the power emitted F^SiC) in the SiC emission 
band of Spectrum III. The ratio is Fa(violet)/F,(SiQ — 
7.8. This ratio is too large to be accounted for by the 
variability of Y CVn. Thus the reradiation by circum- 
stellar SiC is inadequate to account for the violet 
opacity in Y CVn. This result supports the conclusion 
of Bregman and Bregman that the violet opacity in 
early N type carbon surs is primarily due to photo- 
spheric C3. 

Dr. G. Augason contributed in computing the 
synthetic models. Drs. F. C. Wittebom and E. F. 
^ckson contributed to the observations. Part of the 
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Note added in manuscript . — On 1979 July 11, addi- 
tional observations of Y CVn from the KAO between 
20 and 25 /im were made which do not confirm the 
possible emission feature at 22.5 M>ti discussed in the 
text. These new data resulted in approximately a factor 
of 2 increase in the signal-to-noise ratio over that dis- 
played in Figure 1. Within the errors, the shape of the 
spectrum is Rayleigh-Jeans and the flux level is the 
same as that seen in 1978 May. We must conclude 
that either the 22.5 ftm feature is variable in time, or it 
is not real. The latter possibility seems most likely. — 
W.J. F. 
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MEASUREMENTS OF FORBIDDEN LINE RADIATION 
OF Ar II (6.99 /an) IN W3 IRS 1 
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ABSTRACT 

Observations of the [Ar a] (6.99 /an) line flux in W3 IRS 1 are combined with previously obtained 
measurements of the [Ar uij (8.99 /an) line flux. The observed ratio of[Ar ny[Ar ni] is inconsistent 
with the calculated ratio for an H it region with the densities required by radio observations and with a 
central 40,000-45,000 K star with atmosphere as described by a Mihalas model. A softer effective UV 
radiation fleld is required; a dusty model we had previously invoked fits the observations. In addition 
we determine that the argon abundance is n(Ar)/n(H) % 8 x 10~*, a value about twice that usually 
adopted for normal solar abundance; however, there are uncertainties in the extinction and the modoi 
which do not allow us to preclude solar abundance. 

Subject headings: infr.ired: spectra — nebulae: abundances — nebulae: individual 


I. INTRODUCTION 

We present in this paper observations of the [Ar it] 
(6.99 /im) line flux in the compact H ii region W3 IRS 1, 
which complement previously obtained measurements of 
[Ar III] (8.99 fim). The [Ar ii]/[Ar in] ratio is of impor- 
tance in assessing not only the argon abundance but also 
the excitation conditions in the nebula. 

W3 I' one of the few compact H ii regions, such as 
C75.84+0.4 (Pipher, Soifer, and kras.sner 1979), 
C298.2 - 0.3 (Rank et at. 1978), and G45.1 +0.1 (Hefele 
a.id Schulte in dem Baumen 1978), studied thus far which 
exhibit all three fine structure lines in the 8-13 /im 
amospheric window, namely Ar in (8.9*7 /im),S iv (10.52 
UTi) and Ne u (12.78 /im) (Willner 1977; Lacasse et al. 
1980, hereafter Paper 1). The presence of S iv (which 
requires 35 eV photons to produce) umf the presence of a 
significant fraction of Ar n (with a relatively low ioniza- 
tion potential of 27.6 eV) is not expected for most 
theoretical models to date. Direct measurements of the 
dominant ionizing star (IRS 2) of W3 IHS 1 by Beetz, 
Elsasser. and Weinberger (1974) and Wynn-Williams, 
Becklin, and Neugebauer (1972) imply an effective tem- 
perature - 45,000 K (Harris and Wynn-Williams 1976), 
'vhich is also required to explain the radio strength of 
*RS 1. However, models of dust-free H ii regions (Paper 
I) indicate Ar n to be present in an appreciable fraction 
*>rily for exciting stars with effective temperatures less 
'han 35,000 K. 


Because of the presence of a strong [S iv] line, the 
strong detection of the 6.99 /tm [Ar n] line reported here 
was unexpected on the basis of simple dust-free H it 
region models. We interpret the observations below using 
a dusty H ii region mo^l; other interpretations may be 
possible, as discussed in § III. 

n. OBSERVATIONS 

Observations of the [Ar a] line and adjacent contin- 
uum were made with the UCSD 4-8 /rm filterwheel 
spectrometer (RusselL Soifer, and Willner 1977; Puetter 
et al. 1979) on a flight of the Kuiper Airborne Observa- 
tory 1979 June 27. The focal plane aperture for the 
observations was 27' with a spacing between chopped 
beams of ~ 50* in azimuth (nearly north-south). Data 
points were taken at 6.83 /im, 6.99 tan (line center), and 
7.11 /im with a spectral resolution of 0.015. 

Measurements were made at three positions: centered on 
IRS 2 (the dominant exciting star of IRS 1) and with 
offsets of one-half the beamwidth to the east and to the 
north of IRS 1 Accurate pointing was assured by offset- 
ting to IRS 2 from IRS 5. A broad-band observation at 
6.57 /im was also obtained at the central position. Correc- 
tion for telluric absorption and calibration of the spec- 
trum was derived through observations of the K2 m star 
a. Boo, whose spectrum was assumed to be a 4000 K. 
blackbody over the spectral region of interest. The [Ar n] 
line and adjacent continuum measurements at the central 
position are shown in Figure 1. Data for all three spatial 
positions are tabulated in Table 1 along with the [Ar ii] 
fine flux, both uncorrected and corrected forextinction by 
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TABLE I 


Ar n Line Flux 


Position Relative 
TO IRS 2 

Oherveo Flux Denuties 

(to- •• Went*' lint*') 

Ar n Line Flux (t0‘ '* W' cm' M 

Uncorrected 
for Extinction 

Corrected' 
fiw Extinction 

6 .S 3 iitn 

6.97 fon 

7.11 tun 

Center 

1.84 t 0 09 

2J4±0.09 

1.95 1 0.09 

0.47 ±019 

0.77 - 0 30 

IJ'easI 

1.42 ±ai2 

ZI6±0.13 

t.50tO.I3 

0 74 ± 017 

t.63 r 0.60 

1}' north 

l.67*0.IJ 

117 1 0.15 

1.78 ±0.10 

0.47 ± 0.28 

0.83 - 0.47 


* Error ban indudc uncertainly in (he absorptioo optical depth used to correct for extinction. 


cool material in the line of sighL as discussed in the next 
section. 

Included in Figure I is a 2-4 fan spectrum centered on 
IRS 2 which was obtained at Kitt Peak National Obser* 
vatory using the 1.3 m telescope with a 22' beam size 
(Krassner and Pipher, in preparation). The spectral 
resolution for these observations is Ai/i « 0.013^.021. 
Also displayed in Figure I are photometric points at H 
band (1.66 ;im), K bund (122 >im), L band (3.45 fon\CO 
band (14 fan), and the ice band (l08 uni). The hydrogen 
recombination lines, a recombination line of helium 
(105 um)and the unidentified 3.28 um feature are present 
in the 2-4 fan spectrum. 

In addition, we reproduce schematically in Figure 1 an 
8-13 fan spectrum (from Paper 1) taken with a 10' beam 
diameter. The fine-structure lines of (Ar in], [S tv], and 
[Ne It] are evidenL Simple scaling of the 8-13 fan spec- 
trum by beam sizes is not an appropriate way to estimate 
line strengths because there is nebular ionization struc- 
ture, that is, the ionic distributions do not mimic the dust 
continuum distribution measured by Mackwell et al. 
(1978); see Paper 1 for ionic distributions. 

III. DISCUSSION 
a) The Extinction 

In some cases, the largest source of error in infrared 
abundance analyses derives from uncertainty in estima- 
tion of the extinction, in spite of llie fact that the 
extinction is much smaller than at visual wavelengths. 
Hence we have computed the extinction in several 
independent ways. 

An estimate of the extinction to the 1 1 it region can be 
obtamed from the observed hydrogen recombination 
lines, Bx (4.05 fan) and By (117 /im). From the 5 GHz 
map of Harris and Wynn Williams ( 1976), the estimated 
optically thin radio flux at 5GHzina 22'^amis8 Jy. At 
an assumed electron temperature of in'* K, the predicted 
ratio of F(Ba)/S,cHt*s 2.5 x 10‘* Hz and F(By)/S'5CH«** 
0.88 X 10*^ Hz (Brocklehurst 1971; Giles 1977) so that 
the predicted line fluxes are 10 x 10“ W cm'* in Bat 
and 7.0 x 10"** W cm"* in By. Comparing these with 
the measured flux densities of 11.5x10"*’ and 
5.8 X 10"*’ W cm"* /im"*, and assigning instrumental 
resolutions of AA/A» 0.021 and 0.013 at Bx and By 
respectively, we find that arid 

’r.Jiim “ 1*46. From and using a A"* extinction 


curve, we derive the optical depth at 7 /zm to beO.45; with 
the same extinction law r^os.m 0-21 yields 
— 0.41. Using just the ratio of By and Bat fine 
strengths, and ax"' extinction curve, we deduce that 
t7M--0.50. 

We now estimate x-, „ using the 8-13 ^ spectrum. In 
Paper 1, the optical depth at 9.7 fan was estimated to be 
11 from the 8- 13 Atm spectrum by assuming hot, optically 
thin, silicate dust emission anenuated by cool, absorbing 
silicate dusL Assuming that the emissivity of the cool 
absorbing dust in W3 has the same spectral character- 
istics as the emitting dust in the Trapezium (Gillett et al. 
1975), we find that T| ^ — 0.54. It is not clear what 
technique best interfaces the extinction at shorter 
wavelengths with that from 8-13 fan. If we assume a * 
extinction curve from 8 to 7 fan. this implies T7 ^ 0.6, 

in reasonable agreement with the above estimates, in spite 
of our having ignored beamsize effects and despite the fact 
that it is difficult to center on IRS 2 at 8-13 fim. 

We adopt a mean value of 17^ 0.49 ± 0.08* to 

correct the observed [Ar n] line flux when the measure- 
ment is centered on IRS 1 The optical depth corrections * 
for the positions 13” to the east and north can be different 
from that estimated above since there is differential 
extinction across IRS 1 tHackwell tt aL 1978). We esti- 
mate (from Hackwell et cd. and Paper 1 ) that r,.7 „„ » 3.0 
and 11 for the positions east and north of IRS 1 respec- 
tively. This leatk to t7.o ~ 0.64 for the eastern position 
and T7 0.O1 -^0.45 for the northern position. The cor- 
rected fluxes for ail three observed spatial positions are 
listed in Table 1, and we adopt the same uncertainty in 
T7,m for all positionv In this case, the uncertainty in 
optical depth (which translates to 8% uncertainty in the 
corrected fluxes) is less than the measurement 
uncertainty. 

b) The [Ar a] Line Flux 

In Paper 1, model ionization structures ofNe a, Ar in, 
and S IV were calculated for a number of situations 
(including both dusty and dust-free H n regions) in an 
attempt to understand the observed forbidden line fluxes 
and ionic distributions. The shell models employed used 
the “on the spot" approximation to treat the diffuse 
radiation from hydrogen and helium and ignored charge- 
exchange and dielectronic recombination. A uniform 

1 The error quoted is the standard deviation. 
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TABLE 2 


CUMPARISON Of MfASt'IICO AND PUfOICTEO FlLX 



OastavEo COaafCTtD 

•PaiDterro Ficx (10' ” 

W cm ■ *) 

Position 

(t) 

(10’*’ Wem *) 
(2) 

No Dust 

(3) 

I.M* 

H) 

Siep‘ 

(5) 

Power Law* 
(6) 

Center 

0.77 ±0J0 

0j02 

0.44 

1.6 

1.1 


* The predicted fluxes for the center and 13’ oflsei positions were the same. 

‘ Opacity law shown in figure 2a. 

* Opacity law sho.«n in figure 2b; we note that an error crept into Paper 1. so that the step in those 
calcutauons occurred at 330 A instead of S04 A as intended. 

* Opacity law with e(r)x 


electron temperature was assumed for the H n region, 
and for W3 IKS 1 we assumed an exciting star tempera- 
ture of 42,U(X>-45,000 K. (as suggested by both the pho- 
tometry of the star and the radio structure), and 
employed the non-LTE stellar atmospheres of Mihalas 
(1972). From the dust-free model, we calculate line fluxes 
for the appropriate beam size and in Table 2 compare the 
corrected line flux of Ar n to that predicted. As can be 
seen, the observed line flux without any extinction correc- 
tion is at least 20 times larger than predicted by the 
dust-free models (column [3]). A iofter UV spectrum than 
our model 42,000 K star or an alternative reason for an 
increased fraction of low-excitation ions is required to 
reproduce thexe observations The ratio of [Ar ii^^Ar lu] 
also requires lower excitation, as did the previous obser- 
vations of [Ar iiij. [Ne ti], and [S iv] line strengths 
reported in Paper 1. 

Several mechanisms have been suggested for lowering 
the observed excitation. These include clumping, shadow- 
ing. charge exchange, and the presence of internal absorb- 
ing dust. It has been suggested by Panagia and Smith 
(1978) that selectively absorhing dust (e.g., in, /in ^ 5 
where Th« and ft, represent the average dust opacity to 
helium ionizing photons and hydrogen ionizing photons, 
respectively, and f,i ~ 1) may account for the observed 
n(He*)/n(fP) ratio for a number of H ii regions. Only 
this possibility will be considereil below.^ 

As in Paper 1, we have con.structed models with 
internal dust with four dilTerent forms for the frequency 
dependence of the UV dust absorption cross section. 
These included power-law behavior (with the absorption 
proportional to vand v^)and two dilferent shapes (shown 
in Figs. 2a and 2b) which relied the cross section ratios 
proposed by Panagia and Smith (1978). Scattering by the 
dust has been neglected. (For further details of the models 
and a discussion of the as.sumption$ see Paper 1.) We 
assume as standard number abundances 

(H:Ne:S;Ar)- (1.0:1.5x 10-M.6X 10-*:4.7x 10-*), 

deduced from planetary nebula observations by Kaler 
(1978) and from O/H and S/U as given by Cameron 
(1973). It was found in Paper 1 that a model with an 

’ We are presently considering the elTects of clumping, shadowing, 
and charge exchange on excitation conditions, and these results will be 
presented in a separate paper. 


excitingstarwith 7^, » 45,000 K, an optical depth of 1 
at 912 A* for the H u region, and the frequency behavior 
of the UV dust optical depth shown in Figure 2a re- 
produced the observed line fluxes of Ar lu (8.99 pm), S iv 
(10.52 pm), Ne a (12.79 pm), S tn (18.7 pm), and O ui 
(88J5 pm). The agreement between the ob^rved and 
model fluxes was within 10-20% except for Ar ui for 
which the calculated flux was a factor of 2 lower than that 
observed. This factor of 2 may not be significant because 
of large uncertainty in the extinction at 8.99 pm as well as 
uncertainties in the model. This factor of 2, if real, means 
that the argon abundance is a factor of 2 higher than 
assumed. Since the extinction is much more severe at 8.99 
pm (Ar hi) than at 6.99 pm (Ar ii), and since most of the 
argon is in the form of Ar tu. the argon abundance is the 
most difficult one to estimate from the infrared fine- 
structure lines. By employing similar models here, we find 
that the calculated Ar n line flux is moderately sensitive 
(by as much as a factor of 10) to the assumed frequency 
dependence of the UV opacity for the dust A more 
general statement (which is not model-specific) is that the 
Ar II line flux is a sensitive indicator of the degree* of UV 
softening of the radiation held of a central 45,000 K star. 

The predict! d [Ar n] line flux in a 27* beam 'or three of 
the different opacity laws (with Trux— 1) is given in 
Table 2 (in addition to the dust-free case). The predicted 
fluxes are the same for the central position and the 
positions offset 13' to the east and north. The opacity law 
“ INI " (initial) (Fig. 2a) that allowed the best fit in Paper 
1 also yields a c^culated flux which is a factor of 1.2 to 3.9 
lower than the observed [Ar n] flux, depending on which 
spatial position is considered. Equally important, 
however, is the fact that the ratio of [Ar iii'jAr in] 
calculate from our model agrees fairly well with the 
observed ratio centered on IRS 2, as well as at the other 
two positions. (The models in Table 3 were constrained to 
produce the correct radio flux.) If no dust is presenL 2 

42.000 K central star will support the radio strength, but 
does not yield an appropriate ratio of [Ar iiy[Ar ni]. 
However, models with central stellar temperatures of 

45.000 K and the dust models and optical depths shown 
give reasonable agreement with the observed argon line 

* Because the OTS (on the spot) approximation was used, rather . 
than the modified OTS approximation, this represents an overestimate 
of the dusi optical depth by — IS- 25*,. 


-i 


■ 


ORfGfT'AI. *g 
OF POOR QUALITY 


No. Z 1981 Ar ii MEASUREMENTS 515 



Fig. 2a. (lopl— Tlie a.uuined absorptivity o( the tiusi for the INI 
opacity modcL 2b. (bottom ) — Step function absorptivity of the dust. 


TABLE 3 


Predicted Flux Ratios for Vanhhjs Dust Models 



Stellar Temperature 
(tO^K) 

Ou«i 

Model 

Dust Optical 
Depth 

Ar ti* 
Ar tu 

42., 



0 

0.06 

45. 


INI 

LI 

0.4 

43. 


Step 

1.1 

4J 

45. 



0.6 

0.8 


* Predicted flux ratios for appropriate heaiii sizes: observed ratio 
is 0.3. 


ratio and the radio strength. Not only does the INI dust 
model best fit the obser\ed [Ar ii]/[Ar tit] ratio, it also fits 
our observed [S in],'[S iv] ratio (sec Paper 1). The other 
opacity laws (v^ and step) predict the observed [Ar it] flux 
but do not reproduce the ratio of[Ar ti]/[Ar iiijas wellas 
the INI opacity law. Furthermore, the other infrared line 
flux densities reported in Paper 1 are best represented by 
the INI opacity law. 

IV. CONCLUSIONS 

The observed [Ar n] line flux at 6.99 ton is too large to 
be consistent with dust-free models of H ii regions of 
appropriate density and with an exciting star of 
42,(XX>-45,000 K. However, we find that the observed 
[Ar ti] line flux is consistent with a model incorporating 
internal dusL This model has been successful in reproduc- 
ing the observed [Ar ni], [S rv], [Ne n], [S tu] (18.71 fun), 
and [O in] (88.33 /m) Une strengths in W3, and requires 
the optical depth of dust internal to the H n region to be 

1 at 912 A. Further, the dust is assumed to be selec- 
tively absorbing in the ultraviolet with an opacity law 
increasing to shorter wavelengths. On the basis of this 
model and the combined [Ar n] and [Ar m] measure- 
ments, we deduce that the argon abundance is 
n(ArVrt(H) 8 x 10"‘ in W3 IRS 1, higher than Kaler's 
average determination of 4.7 x 10* Uncertainties in the 
extinction correction at 8.99 /tm for Ar in, and in the 
model, reduce the significance of the higher abundance, 
however. But these uncertainties do not affect our major 
conclusion concerning the large [Ar n] line flux, and 
the direct inference that the UV taxation field in 
the nebula must be softened by some mechanism. Any 
alternate model which softens the LTV radiation field in a 
similar way to our dusty model should be capable of 
predicting the observed line strengths: a constraint on 
such models is that the volume of the H u region must 
remain sufficiently large to supply the observed ILie and 
radio continuum flux. Other mechanisms such as the 
effects of clumping, shadowing, and charge exchange 
should clearly be investigated. 

We wish to thank the support staff of the Kuiper 
Airborne Observatory for their excellent performance 
during flight operations. All of the authors are supported 
by grants from NASA and the NSF. 
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A spectrum of Saturn obtained from the Kuiper Airborne Observatory exhibits an emission peak 
at 6.8 um attributed to ethane, but is otherwise dominated by absorption from 3.3 to 7.2 Mm. While 
the large absorption in this spectral region is consistent with the presence of ammonia gas or 
ammonia ice, or both, such an explanation is inconsistent with the lack of a major absorption near 
3.0 Mm. 


INTRODUCTION 

Infrared spectral observations of the 
outer planets can provide information on 
their gaseous composition, cloud material, 
and temperature structure. Prior observa- 
tions of Saturn have been made in parts of 
the 0.3- to 5.6-jim and 8- to 300-fim spec- 
tral domains. The former wavelength do- 
main is dominated by reflected sunlight and 
is characterized by numerous strong ab- 
sorption features due to gaseous methane 
as well as by features due to the pressure- 
induced vibrational fundamental of hydro- 
gen and permitted transitions of ammonia 
vapor (Trafton, 1977). The latter wave- 
length region is dominated by thermal emis- 
sion and exhibits structure due to the pres- 
sure-induced rotational transition of 
hydrogen as well as permitted transitions of 
methane, ethane, and phosphine (Trafton, 
1977). In addition, measurements have 
been obtained at a few discrete wave- 

' Ames Associate. 


lengths in the 4- to 8-/xm interval (Russell 
and Soifer, 1977; Rieke, 1975). 

In this paper, we present spectral obser- 
vations of Saturn in the hitherto poorly 
characterized region 5-8 fim. These obser- 
vations were obtained from NASA's 
Kuiper Airborne Observatory, which flies 
at altitudes above almost all the obscuring 
water vapor. We And that the Saturn spec- 
trum exhibits a very deep minimum at 6.3 
lira, a minimum near 7.1 tim, and a peak 
near 6.8 /xm. After describing our observa- 
tional protocol, we present a preliminary 
analysis of these features based on compar- 
isons with the spectrum of Jupiter, the 
spectrum of Saturn at shorter wavelengths, 
and the absorption characteristics of mate- 
rials that are known or suspected to be 
abundant in Saturn's atmosphere. 

OBSERVATIONS 

The 5- to 8-^im spectra were obtained 
with the 4- to 8-/i.m circular variable Alter 
(CVF) spectrometer (Univ. of California, 
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San Diego) discussed previously by Puetter 
et al. (1979). This system employs a 
PbSnTe detector cooled to 4.2*K and a 
CVF cooled to 77*K. The spectral resolu- 
tion AX/X is about 1.6%. The focal plane 
aperture is 2 mm, which limits the field of 
view to 27 arcsec. Whole-disk spectra were 
obtained. The portion of the rings in the 
field of view constituted 14% of the area of 
the disk. 

Observations were made on April 20 UT, 
1979, and June 21 UT, 1979, firom the 
Kuiper Airborne Observatory at an altitude 
of about 12.2 km (40,000 ft). Absolute flux 
calibrations were obtained by taking spec- 
tra of a Lyrae and a Bodtis with the same 
instrument through the same air mass. The 
Saturn spectra were divided by the a-Lyrae 
spectra and multiplied by absolute flux 
spectra determined by Schild et al. (1971) 
from a stellar model that gives agreement 
with absolute visible light photometry of a 



tO'l^ . i 1 1 I I . 
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Fic. I. Saturn spectrum, 5-8 inn. Error bars repre- 
sent one standard deviation of the mean. Circles are 
data taken on 4/20/79; triangles are data taken on 
6/ 19/79 multiplied by 1.23 to raise U)e flux to the value 
it would have had if Saturn were viewed from its 
distance on 4/20/79. 



Fic. 2. Upper curve: Saturn "reflectivity'' spec- 
trum. Saturn spectra from KAO (3. 1-7.9 M<n) and Mt. 
Lemmon are divided by the solar flux of Smith and 
Gottlieb ( 1974). Thermal emission contributes in vary- 
ing amounts at the longer wavelengths. The spectrum 
in the range 1-3 ^m was obtained with rings edge on in 
March 1960. The reflectivity from 1.23-3.4 ^un (solid 
curve) is normalized to agree with the 4/20/79 data at 
3.14 tun. The circles and triangles are absolute 
reflectivities to the extent that thermal emission is 
negligible. Lower curve: Jupiter “reflectivity" spec- 
trum. This spectrum was obtained in the same way as 
that of Saturn so that features may be compared. Note 
that the scale for Jupiter reflectivity is displayed and 
on the right. 


Lyrae. The resulting flux spectrum (Fig. 1) 
is thereby corrected for instrumental effects 
and the small amount of terrestrial water 
absorption (about 20% near 6 >xm) still 
present above 12.2 km (40,000 ft). 

The measurement errors in relative flux 
are indicated by l<r error bars in Fig. 1. 
These range from about 20% in regions of 
highest absorption to 2% in the brightest 
parts of Saturn’s spectrum. The wavelength 
uncertainty is less than 0.03 jim. 

In Fig. 2 Saturn’s flux has been di- 
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vided by the incident solar flux determined 
from the values of Smith and Gottlieb 
( 1974). Such a plot permits direct compari- 
sons of the depths of absorption features. 
Unit reflection corresponds to reflection by 
a perfectly diflFiise ellipse of Saturn's angu- 
lar dimensions placed at the distances from 
the Sun appropriate to the observing dates. 
No correction was made for the contribu- 
tion of and obscuration by the rings. The 1- 
to S-/i.m portion of the spectrum is made up 
of data taken with 1.5% resolution at the 
Mt. Lemmon 60-in. telescope (NASA and 
Univ. of Arizona) in March, 1960, when the 
rings were edge on. These data also were 
taken with circular variable filter spectrom- 
eters and were corrected for terrestrial ab- 
sorption by comparison with spectra of a 
Lyrae taken with the same instrument and 
corrected for air mass differences; they are 
shown primarily to illustrate the relative 
depths of absorption at 3 and 6.3 /xm. The 
emission features have not been subtracted 
out, so that the values are only an upper 
limit to the reflectivity. Since the upper 
limits are well below unity from 5.3 to 7.2 
Min, Saturn's atmosphere is strongly ab- 
sorbing in this spectral range. 

For comparison, a I- to S-^m spectrum 
of Jupiter divided by the solar spectrum is 
also shown in Fig. 2. This was obtained 
from a composite of Russell and Soifer’s 
( 1977) 4- to 8-Mm Jupiter spectrum and a I- 
to 5-Mni CVF spectrum of the central 18 
arcsec of Jupiter obtained at Mt. Lemmon 
on the same night as the 1- to 5-Mm portion 
of the Saturn spectrum. Much of the 4- to 8- 
Mm portion is actually an emission spec- 
trum, as is part of Saturn's spectrum in that 
range. 

DISCUSSION 

We first review the known spectral fea- 
tures in the 1- to 8-Mm reflectivity spectrum 
of Saturn and then discuss possible sources 
for the new features seen at 6.3, 6.8, and 7. 1 
fim in Fig. 2. Almost all the absorption 
features in the region 1-4 Min can be attrib- 
uted to gaseous methane, including the 


feature in the region 3-4 mhi that is due to 
the 3.3-Mm vibration fundamental of meth- 
ane. Notable exceptions include the region 
near 2.2 nm, which is strongly influenced 
by the pressure-induced vibrational funda- 
mental of hydrogen and the feature at 2.9 
Mm that may be due to phosphine (Larson 
et al., 1980). Recent data and discussion of 
the 0.8- to 2.4-Mm spearum are presented 
by Gark and McCord ( 1979) and of the 2.5- 
to 5.6-Min spectrum by Larson et al. ( 1980). 

Although gaseous ammonia has been de- 
tected at 0.645 Miit (c-8-> Woodman et al., 
1977), its bands at longer wavelengths are 
not evident. This difference in the detecu- 
bility of ammonia is due in part to the 
wavelength dependence of the line fornta- 
tion process, which is strongly influenced 
by scattering within the upper cloud layer. 
Thus, using a reflecting-layer model. 
Woodman et al. (1977) derive a vertical 
column abundance for NHj of 2.0 ± 0.5 m- 
am from their analysis of the 0.645-Mm 
feature, and Owen et al. (1977) and Larson 
et al. (1980) set upper limits of 0.15 and 
0.001 m-am from their measurements cov- 
ering the 1.56- and 3.0-Mm bands of NH3, 
respectively. These results indicate the lim- 
itations of reflecting-layer models of line 
formation; they might be understood by 
postulating a lower single-scattering albedo 
in the scattering layers of the atmosphere at 
the longer wavelengths due to the com- 
bined effects of the particulate absorption 
properties and the tails of nearby methane 
bands. The greatest difference between the 
spectra of Jupiter and Saturn (e.g.. Fig. 2) 
arises from the absence of gaseous ammo- 
nia features in the case of Saturn (e.g., the 
region 2.75-3.0 Min). 

At wavelengths longer than 7.35 Mm the 
apparent reflectivity of Saturn exceeds 
unity; hence, thermal emission is the domi- 
nant source of the observed radiation in this 
spectral interval. The thermal radiation is 
believed to originate chiefly in the tempera- 
ture inversion region of the stratosphere, 
with the 7.7-Mm vibrational fundamental of 
methane providing the opacity (Cillett and 
Forrest, 1974). In the case of Jupiter, the 
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“reflectivity” values in excess of unity near 
5 ftm can be attributed to thermal emission 
that arises deep in the atmosphere in very 
localized “hot spot” regions that lack the 
usual high-level clouds. Because the 5-Min 
flux from Saturn is roughly comparable to 
that from a perfect diffuse reflector, it is 
difficult to assess whether “hot spots” are 
also present in Saturn’s atmosphere. Spa- 
tial scans of the 5-|im flux with a 3-arcsec 
beam size showed no structure (Rieke, 
1975). Observations with high spatial reso- 
lution are needed to settle this question. 

Before relating our new data to constitu- 
ents in Saturn’s atmosphere, it is important 
to assess the possible contributions of the 
rings in the 5- to S-^m spectral domain. The 
near-infrared reflectivity spectrum of the 
rings is dominated by water-ice bands (e.g., 
Pilcher er al., 1972; Puetter and Russell, 
1977). At wavelengths longer than 4 /ijn, 
the reflectivity of water-ice frosts is very 
low, a few percent (Smythe, 1973). Further- 
more, at the low temperature of the rings 
(*>80°K), thermal emission from them will 
not be important at wavelengths shorter 
than 8 ^m. Since the solid angle subtended 
by the rings in our field of view was about 
14% of that of Saturn, we conclude that the 
influence of the rings in the 3- to 8-p.m 
spectral domain is very small and can be 
neglected. 

The spectrum of Saturn shown in Fig. I 
exhibits two new flux minima centered near 
6.3 and 7.1 ^im. We first consider the origin 
of the 7.1-/un feature. In principle, this 
feature could be due either to the occur- 
rence of a maximum absorption in the 
reflectivity spectrum of Saturn or to a mini- 
mum opacity in the thermal emission spec- 
trum. At abundances that are consistent 
with those inferred from its visible and 
near-infrared bands, ammonia is transpar- 
ent near 7 fjLta (France and WOliams, 1974). 
Certain forms of ammonia ice exhibit a 
weak absorption feature centered near 7.2 
(Staats and Morgan, 1939). By itself, 
gaseous methane appears to be unable to 
account for the 7-/xm feature. Its opacity 


declines sharply from 7.4 to 7.1 fim and 
then more gradually from 7.1 to 6.6 /xm 
(Burch et al., 1962). Superimposed on this 
overall trend, there is a very weak local 
opacity maximum centered at 6.94 ^m 
(Burch et al., 1962) and a local opacity 
minimum at 7.09 fim. This might account 
for the observed minimum near 7. 1 but 
not for the 6.7- to 6.8-/xm peak. 

We propose that the most likely explana- 
tion for the 7.1-/xm feature is that it is a 
thermal emission minimum situated be- 
tween the ethane v, band located at 6.8 /xm 
(Thorndike, 1947; Pierson et al., 1956) and 
the tail of the 7.7-^un methane band. If 
this explanation is correct, we can obtain a 
crude estimate of the ethane mixing ratio in 
Saturn’s stratosphere by using the ob- 
served enhancement of the flux at 6.8 /xm, 
AF(6.8 fim) above the continuum value that 
was estimated as the average of the fluxes 
at 7.07 and 6.37 ^im. We define t( 6.8 /xm) as 
the broadband opacity due to ethane in the 
emitting region of the stratosphere. It is 
related to AFib.fi /xm) and the properties of 
the 7.7-^m methane band by 

t(6.8 ^m) “ [AF*(6.8 ;xm) B(7.7 fim)/ 

Af (7.7 Mm) fl(6.8 /xin)l, (1) 

where B is the Planck function at the char- 
acteristic emitting temperature of the strat- 
osphere (~130*K) (Gillett and Forrest, 
1974), and AF(7.7 Mm) is the emitted flux at 
the center of the methane 7.7-fj.m feature. 
In deriving (1) we assume that the emitting 
region of the stratosphere Is optically thick 
at the center of the methane band and 
optically thin at the center of the ethane 
band. Using (1), the observed value of AF, 
and computed values of B, we find that 
t< 6.8 Mm) w 0.2. 

We next use the inferred value of r(6.8 
Mm) and laboratory measurements of the 
6.8-Mm ethane band to infer a mixing ratio 
for ethane. Assuming that the transmission 
of ethane is in the strong-line limit for the 
path lengths of interest, r(6.8 Mm) is related 
to the average pressure P, ethane column 
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density W, slant path factor fi, and ratio of 
foreign (Ht) to self-broadening/, by 

T<6.8Mm)-X(W/y/M)''*. (2) 

With fjL ■ 0.5, T ■ 0,2,/ ■ 0.64 (Burch et 
al., 1962) and K > 1.2 determined by the 
. laboratory measurements o( Pierson ei al, 
(1956), we find that VVc,Ht ■ 21 cm 
atm/P(mbar). Finally, the ratio of the 
J column density of ethane to the total 
column density or the mixing ratio of eth- 
ane, a, is given by 

W _ 1 X 10-* 

“ “ HZP(T,/D PHmbar)’ 

where H is the atmospheric scale height, T 
is the atmospheric temperature, and T* is 
the sundard value of temperature (273*K). 
The value of P may be derived from the 
atmospheric level at which T equals the 
brightness temperature at the center of the 
methane band (— 130*K). We use the Cur- 
tiss- Godsend approximation to deduce IP 
as the pressure at the bottom of the column 
. contributing to the ethane opacity. On the 
basis of Voyager I/Satum data (Es- 
cheiman, 1980), we set P « 3-10 mbar and 
hence find that a « 10~* to 10“*. These 
values are roughly consistent with values of 
10"* to 10"* that have been derived from 
photochemical models (Strobel, 1977). Our 
value can only be approximate for several 
reasons; (I) We do not know the shape of 
the continuum. (2) We did not do a full 
integration of the equation of radiative 
transfer, (3) We used a crude pressure 
scaling (P*'*) in comparing laboratory mea- 
surements with measurements in Saturn's 
atmosphere. The presence of ethane in the 
^ stratosphere would also require a 12-Mnt 
emission feature. Such a feature was ob- 
/ served by Gillett and Forrest ( 1974), and its 
identity with the v, band of ethane was 
clearly established by Tokunaga et al. 
( 1975). The v, band has about one-third the 
absolute intensity of the v, band which, in 
turn, is one-half as strong as the band of 
methane (Thorndike, 1947). Using the data 
of Gillett and Forrest (1974) for Saturn's 


ethane emission at 12 tun and the labora- 
tory ethane spectra of Pierson et al. ( 1956) 
we can estimate the mixing ratio of ethane 
from the 12-Ai.in band just as we did from 
the 6.8-^m band. In this case we find a « 
2.4 X 10"* to 2.7 X 10"*, again an approxi- 
mate value in fair agreement with that in- 
ferred from the 6.8-^i.m band. 

We next consider the source of the 6.3- 
fim feature. One possibility is that it is a 
reflectivity feature of an optically thick 
ammonia cloud, whose presence has been 
postulated on the basis of cosmochemical 
and vapor pressure considerations (Lewis, 
1969). However, there is a very serious 
difiiculty associated with such an 
identification. Although ammonia ice does 
exhibit a strong feature from 6.1 to 6.4 tun 
(Bromberg et al., 1977), it has a stronger 
band whose center is close to 3 /xm. The 
high reflectivity of Saturn at 3.0 and 3. 1 tun 
places strong constraints on the contribu- 
tion of ammonia ice at these wavelengths 
and hence on its influence in the 6-/xm 
region. Slobodkin et al. (1978) have re- 
ported that the spectral location of the 3- 
fim band of ammonia-ice is sensitive to the 
manner in which it is formed. They have 
suggested that the band center could be 
located at 3.29 ^im for conditions relevant 
to Saturn's atmosphere, in which case the 
band center could be obscured by the 
strong methane 3.3-Min band. However, 
the reflectivity of this shifted band is quite 
low at 3.1 and 3.0 /xm: hence, it is incom- 
patible with the spectra shown in Fig. 2. 

It is highly unlikely that the 6.3-Min band 
can be attributed to gaseous methane. The 
transmission spectrum of methane has a 
local maximum close to 6.3 Min (Burch et 
al., 1962). Further, the spectrum of Saturn 
fails to reveal any indication of a narrow, 
strong methane band centered at 6.45 Mm 
(Burch et al., 1%2). 

We note that phosphine which is present 
in the atmosphere of Saturn (Bregman et 
al., 1975) does not have appreciable ab- 
sorption in the 5.3- to 7.3-Mm range (Ro- 
bertson and Fox, 1928). 
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We cannot help noticing the strong re- 
semblance between the 6 5-^m feature in 
Saturn's reflectivity spectrum and a simi- 
larly located feature in Jupiter’s spectrum 
(e.g., Fig. 2). Economy of hypotheses and 
other similarities between the two giant 
planets would suggest that these two fea- 
tures have a common explanation. In the 
case of Jupiter, fine structure can be dis- 
cerned in its 6.2-pim band that can be 
readily attributed to gaseous ammonia 
(Hanel et aL, 1979). We propose that ab- 
sorption by gaseous ammonia is chiefly 
responsible for the b.J-^m feature of Sat- 
urn's spectrum. 

To pursue our proposed explanation fur- 
ther, we compared the laboratory transmis- 
sion spectrum obtained by France and WO- 
liams ( 1964) with our reflectivity spectrum 
of Saturn and found a crude overall agree- 
ment. The wings of the ammonia vapor 
band extend to wavelengths as small as 
about 5.4 and there is a sharp in- 
crease in absorption beginning near 6.0 
/Am and extending to the band center at 6. 14 
/un. However, the band center of ammoma 
vapor is at somewhat too short a wave- 
length. Using the laboratory data of France 
and Williams ( 1964), the strong-line approx- 
inuition, a simple reflecting-layer model, 
and an average pressure of 700 mbar, we 
find that a vertical column density of about 
4-cm-am of ammonia vapor is required to 
produce the observed reflectivity near the 
band center. 

Aside from the apparent misalignment of 
the band centers, our explanation of the 
6.3-/im feature is not without problems. 
Although 4 cm-am would depress the 
reflectivity spectrum by less than 30% at 3 
/i.m, and hence be compatible with the 
results of Fig. 2, a much more severe upper 
bound on the ammonia vapor abundance of 
0. 1 cm-am has been set by high-resolution 
studies of the 3>/i.m regions (Larson et at., 
1980). Observations at 10 fim by Tokunaga 
el al. ( 1980) set an upper limit of about the 
same magnitude. We do not feel that these 
latter results necessarily rule out our expla- 


nation of the 6.3-/im feature. As noted 
earlier, observations in the visible indicate 
ammonia gas amounts to 2 m-am. Hence, 
the effective ammonia abundance is wave- 
length dependent. Two types of interaction 
between radiation and particulates may be 
involved. (1) Near 0.645 /im radiation may 
be internally reflected in the cloud particles 
and only weakly absorbed by the particles 
and surrounding gas, thus allowing a long 
path before this radiation escapes from 
Saturn. (2) At wavelengths greater than the 
particle size the efficiency of interaction 
decreases as the ratio of wavelength to 
particle size increases. Thus, due to the 
presence of small particles in Saturn's up- 
per troposphere and stratosphere, radiation 
may penetrate more deeply, on the aver- 
age, at 6 fitn than at 3 /xm; hence, the upper 
bound on the ammonia amount obtained by 
Larson et al. ( 1960) may not be applicable 
to the 6-/xm region. This hypothesis, in 
conjunction with our postulation of ammo- 
nia vapor absorption in the 6-/xm region, 
reopens the possibility that ammonia ice 
also contributes to the depressed reflection 
in this wavelength region. The absence of 
ammonia features at 10 /xm is not inconsis- 
tent with this hypothesis if the 10-/xm con- 
tinuum arises predominantly from emission 
in the stratosphere and/or the upper tro- 
posphere. For example, the larger mixing 
ratio of phosphine inferred by Tokunaga et 
al. (1980) for Saturn relative to Jupiter in 
conjunction with the lower temperature of 
Saturn’s atmosphere at a given pressure 
level, may make it more difficult to see 
down to the NHj cloud level in Saturn in 
the 10-/xm region. Higher spectral resolu- 
tion measurements near 6 /xm are needed to 
further explore these possibilities. 

CONCLUSIONS 

Saturn’s 5- to 7.5-/xm spectrum is domi- 
nated by absorption from 5.3 to 7.2 /xm. A 
peak found at 6.8 /xm appears to be ethane 
in emission. The absorption cannot be at- 
tributed to ammonia ice under the labora- 
t(H 7 conditions used by Bromberg et al. 
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( 1977) or more recently by Sfll ei al. ( 1980) 
because of the absence of a deep feature 
near 3 /xm. Whether they can be explained 
in part by ammonia ice formed under un- 
usual conditions (Slobodkin et al., 1978) is 
still an open question. Much of the absorp- 
tion can be explained by 4 cm-am of NHj 
gas, provided that the scattering properties 
of overlying clouds can account property 
for the absence of NHi absorption at 3.0 
and 10 
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ABSTRACT 

For the first time, we present complete 0.7S-I3 yan spectrometry of a carbon-rich, Mira-class 
vanable star. Although the neai -infrared is dominated by photospheric absorption bands of the CN 
red system, the infrared becomes progressively dominated by the bands of the polyatomic molecules 
HCN and CjHj. Since the band at 3.1 /on is known to be due to HCN and CjHj, we are able to 
assoaate bands at 1.04, 1.S3, 1.8S, 2.S, 2.7, 3.S6, 3.8S, 4.8, and 7.1 /on with HCN and C 2 H 2 . The 
spectrum indicates that radiative transfer in the carbon Mira class cannot be discussed quantitatively 
without the inclusion of HCN and CjHj opacity. From a consideration of the carbon star models of 
Querci and Querci, it is deduced that the abundance ratio of HCN toCiHi.AlHCNj/AlCjHj^canbe 
used to indicate whether 3a-prooessed or CNO-prooessed material is in the outer atmosphere. 
AlHCNI/AICjHj) ► 1 »*CNO;/4(HC'N)/A(C2 Hj) ^ 1 »3a. An 11.3 /on SiC dust-emission feature 
is present, although it is significantly different from the 11.7 /xm SiC feature in Y CVn. A featureless 
emission is present from 4 to 13 /on and can be ascribed to optically thin graphite grains with a 
temperature of 450 K. 

Subjec: headings: infrared: spectra — line identification — molecular processes — 
stars: abundances — surs: carbon — stars: long-period variables 


I. tNTRODUenON 

The star V Coronae Borealis (V CrB; C6, 2) represents 
a type of carbon star intermediate in its color temperature 
between the SKb vanables and the dust-enveloped CW 
Leo (IRC -f- 10216) class of objects. Previous interpreta- 
tions of such stars have relied on broad-band photometry 
(Mendoza and Johnson 1965; Forrest, Gillett, and Stein 
1975, hereafter FGS; and Merrill 1977), or on incomplete 
spectrophotometry (Frogcl and Hyland 1972; and Mer- 
rill and Stein 1976, hereafter MS) as a data base. Gen- 
erally, the flux curve of cool carbon stars has appeared 
too broad for description by a single blackbody; hence, 
the conclusion may be drawn that photospheric radiation 
is being redistributed at longer wavelengths (Frogel and 
Hyland 1972). The above argument must certainly be true 
for the Mira V Cyg (FGS; Puetter et ai 1977), while 
Merrill (1977) suggests that the radiation we are observ- 
ing from the Mira R Lep is from its cold photosphere. 
Apparently all Miras do not behave in the same way. 

In this paper we present the 0.75-13 /xm infrared 
spectrum of V CrB. This is the first such complete infrared 
spectrophotometry of a carbon-rich Mira-type variable. 
In the near-infrared. V CrB displays strong CN red- 
system (At' » Z 1, and 0) bands, indicating photospheric- 
dominated radiation. Beyond 1.2 /xm, the spectral 
characteristics of V CrB change dramatically. We will 
argue that its spectrum is dominated by bands of HCN 


and C 2 H 2 molecules. The domination is so extensive that 
radiative transfer calculations (model atmospheres) 
cannot be attempted for this star, or for any other cold 
carbon star, without the inclusion of HCN and C 2 H 2 
opacities. The HCN and C 2 H 2 opacities are analogous to 
H 2 O steam opacity in oxygen-rich, cool Mira stars. 

The presence of large column densities of HCN and 
C 2 H 2 may lessen the amount of graphite necessary to 
explain carbon Mira flux curves, as is outlined below. The 
previously accepted conclusion that the emergent flux of 
all carbon Miras is redistributed by dust will require 
modification in light of the present data as (1) the 
previous analysis did not include polyatomic opacity, (2) 
the polyatomics compete with graphite for free carbon, 
and (3) the opacity effects of the strong CN bands were 
not considered. We will not provide the model solution to 
the problem ; rather, we will show that these effects can no 
longer be ignored if further progress in modeling this class 
of stars is anticipated. 

n. OBSERVATIONS 

The infrared spectrophotometry of V CrB is presented 
in Figure 1. The spectrum is a composite of four different 
spectral regions taken with four different instruments. 
Each region was reduced independently and the flux 
density plotted. No attempt has been made to shift 
regions to attain agreement, as there are no overlapping 
spectral regions. 

Because of its period of 357.8 days, an effort was made 
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Fio. 1.— Spectrophotometry of tht carbon star V CrB(C6. 2e) between 0l7S and 13 /m Regtons of BUnospheric interference at 2.7, 4.3, and 6.3 /iro 
are indicated. Data points between 0.7Sand 1. 1 ;<mareconnected with straight lines Thesolid line betweenbandS iim it a hand-dra«m average of data 
points done for clarity. The open drdes are computed 1675 K blackbody fluxes. 


to observe V CrB nearly simultaneously in each of the 
separate spectral re^ons. The inherent difficulties in 
coordinating this effort made this goal impossible. But as 
can be seen from Table 1, the times are close enough that 
unification into a single spectrum is reasonable for all but 
the shortest wavelength region. 

The 0.75-1.1 ;un spectrum was observed on two nights 
by B.J.T, using the 0.9 m (36-inch) Crossley telescope of 
Lick Observatory. Selected Wing bands (Wing 1967) at 
7812. 8116, 9044, 9190. 9316. 10104, 10400, 10834, and 
10964 A were used. The spectral resolution was 32 A. The 
averaged data from the two nights a>e given here; their 


signal-to-noise ratio exceeds 50 at all wavelengths. For 
one night, atmospheric extinction was determined from 
two observations each of P Leo and a Set ; for the other, 
standard extinction was used. The passbands and stan- 
dards are from Wing (1967); the correction of the latter, 
from the Oke (1964) to the Hayes and Latham (1975) 
system, is small and was not applied. 

The 123-4.2 ^lm spectrum was taken from the NASA 
Ames Research Center Kuiper Airborne Observatory 
(KAO), using the instrument and techniques described by 
Strecker, Erickson, and Wittebom ( 1979, hereafter SEW). 
The secondary standard used was x Boo, assumed to have 


TABLE 1 

OassavATiONS or V CaB 


Wavelength range Date Standard Spectral Mira 

(^) (UT) Telescope Instrument Sur Resolution Phase' 


0.75-1.1 1979 June 12 UCLO 

1979 June 13 Crossky 

36 inch (91 cm) 

1.23-4.6 1979 April 19 NASA KAO 

36 mch (91 cm) 

40-8.0 1979 April 1 1 NASA KAO 

36 inch (91 cm) 

8JM3.0. 1979 May It NASA 

Mount 
Lemmon 
60 inch (1.5 m) 


UCLO single channel 
scanner with thnnetal 
phototube 

fi Leo 
a Ser 

0.4% 

0.74 

NASA ARC filter 
spectrometer with 
InSb detector 

a Boo 

2% 

0.59 

UeSD filter wheel 
spectrometer with 
I^SnTe detector 

a Lyra 
a Bm 

2% 

0.57 

NASA ARC filter 
wheel spectrometer 
with Si ; As detector 

a Boo 

4*. 

0.65 


* MattCL J. A., private communication. 
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flux distribution given by SEW. The spectral resolu* 
uon is 1S*». Because we oversample resolution elements, 
the scatter between adjacent dau points is a measure of 
signal to noise. 

The 4.4-8.0 lan segment was taken from the KAO 
utilizing the University of California at San Diego 
^jectrophotometer (Puetter et al. 1981). The metht^- 
ology of ol iervation and data reduction was the same as 
that of SEW in the 12-4.2 nm region. Both a Lyr and a 
Boo were observed on another night so the flux of a Boo 
could be determined directly on that night from the 
model of Schild. Peterson, and Oke (1971) for a Lyr. 
Because of an atmospheric correction problem at 6.3 /on, 
the daU displayed are in two segments. From 4.4 to 6 imu 
V CrB is ratioed directly to a Lyr. From 6 to 8 foa, V 
CrB is ratioed to a Boo, whose flux is known from its ratio 
to a Lyr as described above. In order to enhance signal- 
to>noise in the 6-8 fan region, each spectral point has 
been averaged with a three-point slit function. This causes 
only a small loss of spectral resolution, since the spectrum 
is oversampled. The resulting spectral resolution is 2”,. 

The 8-14 fan spectrum was uken with the NASA 
Mount Lemmon 1.5 m (60 inch) telescope. The standard 
star used was a Boo. The observational method is 
described by Bregman and Wittebom (1980). The spec- 
tral resolution is 4%. 

The Mira phase in Table 1 has been kindly provided by 


the American Association of Variable Star Observers 
(AAVSO) (Mattel, private communication). AAVSO 
observations dating back to 1967 show visual maxima 
ranging from 7.5 to 6.9 and the minima from 12.2 to 1 1.0. 
No trend toward brighter maxima or fainter minima is 
indicated by their data, and the average amplitude it 4.9 
mag. Our data were taken near visual minimum 
(m„ » 10.8), except for the 0.75-1.1 fan portion, which 
was taken at atout three-quarters phase, i.e., at the 
beginning of the steeply rising portion of the visual light 
curve; As the shortest wavelength range is nearest the 
visible, and is therefore the most variable, we have not 
included it in Figure 2. 

m. DISCUSSION 

Because of the lack of simultaneity, certain problems 
cannot be addressed, such as the precise nature of the 
underlying photospheric continuum or the exact amount 
of overlying ~ graphite " dust. In this discussion, we will 
therefore avoid conclusions which are strongly depen- 
dent upon simultaneity. Similarly, since the phase was 
chosen for temporal convenience, no problems relating to 
variability can be addressed, such as phase dependence of 
band strengths or infrared color temperature. This latter 
type of problem is addressed in detail by Bregman and 
Wittebom (1980). 

The infrared color temperature TIk is defined (see 



Fio. Z— The dau of Fig. t are normalized to a 1675 K blackbody curve between 1.2 and 13 um. The solid line beyond 6 /im ts a hand fit of the data 
for clarity The sobd lute between 4 and 6 um is the CO fundamental vibration-roution band opacity of a single slab al 1600 K in absorption agamsi a 
continuum level of 1.0. The open circles are the graphite excess emission al 450 K as explained in the text. The upper nght-hand comer insert is a relauve 
comparison of the present V CrB dau (circled docs) and the laboratory measurements of Dorschner. FrKdemann. and Gurtlerf 1977) (dots) as taken 
from Goebel ei al. 1980. 
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Goebel et at. 1978a) to be that of the best-fitting black- 
body fiux curve B(i, r„). t;, - r„. in the wavelength 
range from 1.2 to 6 am. For V CrB, 7|n ~ 167S K when 
our data were obtained. The Ti^ changes with phase for 
carbon Miras (Goebel et at. 1977). Upon division by 
TneX the spectrum is as shown in Figure 1 For 
purposes of spectroscopy. Figure 2 is the preferred way to 
present data over such a broad wavelength range. The 
spectral portion below 1.2 am has been deleted in Figure 
L as it was the least simultaneous observation, and that 
region is most sensitive to temperature. 

Throughout the infrared spectrum, absorption bands 
appear which cannot be explained by the most abundant 
diatomics CN, Cj, and CO. The diatomic band positions 
and shapes are well known for warmer carbon stars like Y 
CVn, for which > 2800 K (Goebel et at. 1978a and 
references therem). Temperature and abundance can 
modify the CN, Cj, and CO band shapes and centers, but 
these effects are well understood and are not important to 
the bands under discussion. We will discuss each band 
individually. The bands are listed in Table 2 with asso- 


ciated molecuies and their vibrational bands in the region 
of interest. 

a) Molecular Bands 

i) The IJ)4 Micron Bane 

Although CN opacity at 10400 A is smaller than in the 
stronger band head regions (Wing 1967), it is not com- 
pletely negligible in carbon stars. At 10400 A, some of the 
carbon stars observed by Wing show a possible opacity 
other than CN, as he recognized at that time. Our 
spectrophotometry was at selected bandpasses only, and 
we cannot say definitively that a polyatomic band is 
present in V CrB. But it appears, from a comparison of 
our observations of V CrB with those of other carbon 
stars observed by Wing, that a polyatomic band is a 
possible contributor at 10400 A. Complete scanner 
spectra are needed in this region (e.g„ Fay and Honeycutt 
1972), preferably at a phase in the V CrB light curve when 
the polyatomic bands are stronger. It would then be 
possible to compare the observed spectrum with CN 
band computations. 


TABLE 2 

PXOPCSEO iDCNTinCATION Of BaNDS IN V CrB 


i 

HCN 

C,H, 

cs 

References 


C-(v) 0(.) 

C(e-) C(.) 



1.04 urn* 

963) cm*'.. 

... 300-000 

0030*0*-0000*0® 

III2“0*-0000®0* 


(U(2) 

1.51 tan. 

6540 cm*'.. 

... 200-000 
...2I'0-01'0 

1010*0* -0000*0* 
10ll'0*-0001‘0* 


UMJ) 

1.85 jjm. 

5410cm*' .. 

... 101-000 
...ll'l-OI'O 

... 


(1) 


... 002-000 

00lt‘0“-0000*0* 


(1U4) 

4000 cm*'.. 

...II'O-OOO 
|2tM)l‘0 
12*0-01 '0 

1000*1 '-0000*0* 
0102*1 ‘-0000*0* 
toot '1 '-0001*0 

0100*3'-0000*0* 


2.8 um 

3570 cm*'... 



1000*1 *-0001 '0* 


(4) 


... 100-000 

010l'l‘-0000*0* 


(»U4) 

(5X(6) 

3230 cm*'... 

...It'O-OI'O 

others 

0l02*l'-0001'0* 
00tl'0*-000l'0* 
0010*0* -0000*0* 


3.56^ 

2810 cm*'... 

... Ol'-OOO 
...02®l-0l‘0 

... 


(1) 

3.85 Mm. 

2600 cm*'.. 

... lOO-OI'O 

0100*1 '-0000*0* 
0100“2*-0000*I' 
OtOI'l'-OOOl'O* 

0010*0* -oooro* 
1000*0* -0000*1' 
0003' t '-0000*0* 

Ac- 1 

(1)1(4) 

(7) 

4.8 um 

2100 cm*'.. 

... 001-000* 
...03'0-000 

... 

COAc-0 
(see text) 

(1) 

7.1 >an 

... 020-000 

000l'l‘-0000*0* 

An a 0 

(1U4) 

1410 cm*'.. 



' Band at 1.04 is an assodalion, not an identiflcauon. 

* Raman band, but weakly infrared active due to Coriolis interaction. 

References: (I) Rank et aL 1940: (2) Chersetti, Adams, and Rao 1977; 
(}) Varanasi and Bangaru 1975; (4) Bell and Nielsen 1950; (5) Wiggens, Plyler, 
and Tidwell 1961; (6) Ridgway, Carbon, and Hall 1978; (7) Bailey, private 
communication. 
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Opacity other than CN may also be present elsewhere 
in 0.75-1.1 ton region (Wing 1967). Possible detections of 
bands in this region have been report»l by Fay, 
Fredrick, and Johnson (1968) and Giguere (1973) in 
much warmer carbon stars. Additional lines attributed to 
HCN in the 7900-8600 A ran^ have been reported by 
Querci and Querci (1970) in another carbon sur, 
UU Aur. 

Nearly all the stars examined previously have been 
rather warm and without very strong 3.1 fan polyatomic 
bands. Based upon our spectrum of V CrB and the spectra 
of cooler carbon stars shown in Wing's thesis (1967), we 
suggest these bands may be found in cool carbon Miras 
with scanner spectra and are probably due to HCN and 
C}H 2 . although, according to Ghersetti, Adams, and Rao 
(1977), the C 2 H 2 band may be weak compared with the 
bands discussed below. 

ii) The US Micron Band 

This band is quite distinct, even though it is seen 
against the CN Ac ■ - 1 red-system band. It does not 
appear at our 2?4 spectral resolution nor at higher 
spectral resolution (McCammon, Miinch, and Neuge- 
bauer 1967) in carbon stars of infrared color temperatures 
(71 r) greater than 2500 K. Conneser al. (1968) may have 
observed individual lines from C 2 H 2 and HCN in Y CVn. 
To date, it has only appeared in the spectra of the cold 
Mira-type stars such as V CrB, R Lep, S Cep, U Cyg, and 
SS Vir. At filter wheel resolution, the fully developed band 
was first noticed by Goebel et al. (1977) in S Cep, but 
could not be identified at that time. Goebel et al. (19786) 
showed that the band increased with decreasmg infrared 
color temperatures. The band is strongest in V CrB, 
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which has the coldest 7j| yet measured in a carbon Mira 
(1675 K). CXldly, it has the same band shape as the CO 
second overtone but is displaced a full 0.1 tan shortward 
of the CO band center's position. 

Herzberg (1945) lists an HCN band at 1.53 /rm (2v,) 
and a C 2 H 2 band at 1.54 fan (v, -t- Vj). Other bands of 
HCN and C 2 H 2 also occur near this wavelength and are 
listed in Table 2 along with literature references. There is 
no convenient published spectrum of either molecule at 
our resolution. We have measured C 2 H 2 with a Beckman 
DK2A spectrometer (Fig. 3) and find a band at 1.52 fan 
with a half-width of 0.25 /im at 300 K. The intensity 
measurements of the C 2 H 2 bandsat 1.53 fan by Varanasi 
and Bangaru (1975) indicate the band is moderately 
strong. 

The most abundant polyatomic species at temperatures 
below 2500 K are HCN and C 2 H 2 according to most 
dissociation equilibrium models; Tsuji (1964); Johnson, 
Beebe, and Sneden (1975); Scalo (1973); and Querci and 
Querci (1974). Furthermore, as Usted by Herzberg, none 
of the other molecules expected to be abundant in carbon 
stars has bands reasonably nearby 1.53 ^m. For another 
species to give rise to the band, an unusually suong band 
strength per molecule would be required. We think this to 
be quite unlikely. Hence, HCN and C 2 H 2 are the most 
plausible contributors to this band. 

iii) The US Micron Band 

This band is relatively weak. It might have gone 
unnoticed except for its effect on the (1, 1) band head of 
the At' « 0 Ballik-Ramsay band of C 2 . In all other carbon 
stars observed to date, the (0, 0) band head at 1.78 fan is 
noticeably stronger than the (1, 1) band head. In V CrB, 
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WAVELENG'TH. urn 

Fio. 3.— A laboratory spectrum ofCjH] in absorption at 300 K taken using a Beckman OK2 double-beam spectrometer The curve labeled* air 
cell* had the same expenmental arrangement but lacked CjHj. The 1.3 urn band shows a /’-branch and /i-branch but no Q-branch. The bands at Z43 
and 2.36 lan contribute to Uie 13 iim absorption discussed in the text. 
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however, the reverse occurs. Herzberg (1945) lists a 
medium-strength band V| + vj at 1.85 nm for the HCN 
molecule. Even though there is a telluric water-vapor 
band at 1.85 tun. telluric water cannot be the cause be- 
cause this spectral region is quite transparent from the 
KAO, and our calibration procedure does not produce 
this effect in any of the dozens of stars of various spectral 
tvpes which we have observed. By itself, this band is 
insignificant; but coupled with the other polyatomic 
bands, it serves to strengthen our conclusions concerning 
the importance of polyatomic opacity. 

iv) Tin 2J ^4lcr^m Band 

This band was first noticed by Merrill and Stein (1976) 
as a continued depression of the stellar flux beyond the 
CO first overtone. The depression could not be clearly 
observed from the ground because of telluric water 
beyond 15 ttm. A 15 /rm band is not confined to Mira 
vanables only, and this served to confuse identification. 
Goebei et at. (1980) have shown that the 15 tan band in 
SRb-type carbon variables is due mostly to C 2 Ballik- 
Ramsay Av — 1 opacity. However, in V CrB, the Cj 
Ballik-Ramsay Ac - 0 band is weak, so the strong 15 /nn 
band cannot be due to Cj. Both HCN and CjHj have 
significant bands in this region. (See, for example. Rank 
et at. 1960; Bell and Nielsen 1950; and Fig. 3.) Ridgway 
et at. (1976) identified the v, + Q-branch of CjHj in 
this region in IRC + 10216, a carbon star with an 
extensive circumstellar shell. Therefore, we associate this 
band with HCN and C 2 H 2 . No other abundant mole- 
cules have bands at this wavelength. 

v) The 2B .Uicrtm Band 

This region of our spectrum is not exceptionally clear 
because of the telluric CO 2 band. The atmospheric CO 2 
band has not been completely corrected for extinction 
between V CrB and the standard star, and the bond *— »ds 
at 2.69 and 177 fon are still apparent. Since these band 
heads are no more than 1 resolution-element wide in our 
spectrum, we can interpolate the stellar spectrum throwgh 
them. The result is that the 16-2.9 tan stellar flux is 
depressed relative to all the high points in the spectrur , by 
about 20%. This is to be expected if C 2 H 2 is present in 
strength, as the 3.1 tan band indicates (Bell and Nielson 
1950). A 18 /im opacity is present in all Mira-type carbon 
stars observed to date (Goebel et at. 19786). 

The interpretation of the 2.8 /on opacity as being due 
to C 2 H 2 offers an alternative to the recent interpretation 
by ICrassner, Smith, and Hilgeman (1979) regarding this 
opacity observed in IRC + 10216. Their claim is that 
opacity observed in IRC -f 10216 in this region may be 
due to an HN-X bond. Except for the strong dust 
continuum, the molecular bands present in the 3 tan 
region of IRC + 10216 (Wittebom et at. 1980) are little 
different from any of the other carbon Miras which we 
have observed. Specifically, the 19 tan flux is depressed 
relative to other continuum points even though the 

3.1 titn band is weaker in IRC 4- 10216 than in Miras. 
Ridgway, Carbon, and HaU( 1978) discuss specifically the 

3.1 /an band at very high resolution in IRC + 10216 and 


include a portion of the region short ward of 19 tan. Their 
spectrum shows no outstanding features other than those 
directly attnbutable to HCN and C 2 H 2 . Thus, the 20% 
depression is explainable without invoking an HN-X 
bond. 

vi) The J.l Micron Band 

The 3. 1 tan band is well known and studied at high and 
low resolution (Ridgway, Carbon, and Hall 1978; MS; 
and Noguchi et at. 1977). The predominant species con- 
tributing to the band are known to be HCN and C 2 H 2 , 
with the relative abundances varying from star to star. 
Except for the v, fundamental of C 2 H 2 at 13.7 tan. the 

3.1 ;im band is the strongest band in the infrared both in 
the laboratory (Varanasi and Bangaru 1975) and in the 
series of bands we are discussing in the V CrB spectrum. 
Because of the great depth and width of the band, it is 
evident that it is formed far out in the colder regions of the 
atmosphere. In V CrB the band cannot be filled in by 
thermal reradiation of dust, as is the case in IRC -f 10216. 
The contention that there is little dust reradiation in the 
2-3 >im region of V CrB is supported by the presence of 
the CO first overtone at 13 /an, C 2 Ballik-Ramsay at 
1.8 tan. and the CN Ar » -2 red-system opacity in the 
2 /an region of V CrB. 

vii) Tht JJ6 Micron Band 

The presence of the band in carbon star spectra was 
first pointed out by Goebel et at. ( 1978a) and is associated 
with the HCN molecule (v, ‘ -t- vj). It appears as a weak 
band in conjunction with the 3.1 and 3.85 /an bands. 

viii) The SB3 .Micron Band 

The 3.85 /an band was first studied by MS who ob- 
served it in the Mira-type variables. Bregman. Goebel, 
and Strecker (1978) found it to be correlated with the 3.1 
tun band and identified it with a complex of C 2 H 2 bands 
and CS. There may be problems associating the 3.85 /im 
band with C 2 H 2 as Ridgway has failed to detect C 2 H 2 
lines in the carbon Mira S Cep (Wing, private communi- 
cation). Generally, the 3.85 and 3.56 /on bands are well 
separated, unconfused with other molecular bands, and 
have well-defined band shapes. If their relative strengths 
can be established from laboratory measurements at 
elevated temperatures, it may prove possible to utilize 
these two bands for column density measurements of 
HCN and C 2 H 2 in the Mira carbon stars. Both bands are 
in the 3.5 /im atmospheric window; therefore, ground- 
based, high-resolution measurements of individual lines 
should be possible. 

ix) The 4J .Micron Band 

At the phase of observation, V CrB had no strong CO 
fundamental at 4.6 /on. In fact, the flux at 4.6 /on forms 
part of the continuum on which our estimate of 
s 1675 K is based. There is an apparently rising 
continuum level between 6.0 and 6.7 /im which is different 
from that seen between 2 and 4 tun. In order to verify the 
apparent absence of CO, we have computed the CO 
fundamental band profile in absorption with respect to 
unity for isothermal 1600 K CO, as shown in Figure 1 


No. 1 19«1 

Clearly the band shape in V CrB does not imiute the 
1600 K CO fundamenul in that the star shows no 
absorption shortward of 4.6 ^m. although it has opacity 
extending from 4.6 tan out to about 5.8 tan. If the band 
were dominated by Cj, as in Y CVn (Goe^l tt ai 1978a), 
then the band center should be at about S.2 ton. Similarly, 
SiC] should be at 5.7 ^lm (TrefTers, private communica- 
tion). and CjH should be at 5.4 ^m. HCN has bands near 
4.7 /on (Herzberg 1945), which are shown by Rank el al. 
(I960). Band intensity measurements by Kim and King 
(1979) indicate the HCN bands to be about 500 times 
weaker than the 3.1 /im band, so this band is not likely to 
be due to HCN. 

In spite of the apparent discrepancy in the band shape, 
CO may cause the observed absorption. Wing (private 
communication) has suggested that if reemission in the 
CO fundament^ band is present, then the emission 
intensity is likely to be greatest at the band head near 
4.6 /on and decline in strength to longer wavelengths. The 
‘"O absorption band head could then be weakened 
jlative to the 5.0 tan wing of the band. This interpreta- 
uon requires a fairly strong fundamental band, i.e., a large 
column density of CO, and that is not ruled out by our 
observations of other carbon stars. This, like all other 
identifications proposed, is directly subjectable to future 
verification with observations at high specual resolution. 

Emission near the first CO overtone band head was 
seen in the BeckUn-Neugebauer (BN) object (Scoville 
et ai 1979); the emission was postulated to be caused by a 
shock. Although the BN object is a very different type of 
object than V CrB. Mira variables are likely to have 
shocks in their atmospheres (Cohen 1980). Similar band- 
head emission has been seen for SiO in oxygen-rich Miras 
(Ridgway et al. 1977). If the CO mechanism is correct, it 
may not be sufficient to explain the absorption between 
5.5 and 5.8 fan. 

One of the more abundant polyatomic species (Tsuji 
1964) predicted in low-temperature carbon stars is CjN^. 
With strong bands at 3.76, 3.90, and 4.65 fan and a weak 
band at 4.78 fan (Herzberg 1945), it might also contribute 
to the 3.85 fan band. We think this unlikely, as the 
4.65 fan band should be stronger than the 4.78 irm band. 
This is not the kind of 4.8 fan band we see in V CrB. 
Hence, we can say there is no substantial column density 
ofCjN, n V CrB. 

x) The 7,1 Micron Band 

This is the strongest example of the 7.1 fan band we 
have seen to date in any type of carbon star. The band is 
more nearly centered on the HCN band center than the 
C 2 H 2 band center. It is difficult to attribute the band to 
only one of the two species, although HCN may be 
dominant. As shown by Goebel et ai (1980), this region 
may also be confused by CS, an abundant diatomic. The 
best that can be done at our resolution is to attribute the 
band to both HCN and C 2 H 2 with possible CS, and leave 
the quantitative measurements to high-resolution spec- 
troscopy. The long wavelength wing of this band (the 
C 2 H 2 wing) is apparently the cause of the 8 fan turndown 
noted in the 8- 14 fan spectra of carbon-star Miras taken 
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from the ground some years ago (Forrest, Gillett, and 
Stem 1975). 

xi) The Molecules HCN and CjH, 

The knowledge that the 3. 1 fan band is caused by HCN 
and C 2 H 2 , combined with (1) the presence of the 1.53, 
1.85, 15, 2.7, and 3.56. 3.85, 4.8. and 7.1 fan bands at 
wavelengths appropriate to HCN and C 2 H 2 ,and (2) the 
appropriate relative band strengths and bandwidths, 
leads to the conclusion that HCN and C 2 H 2 are the 
opacity sources of the bands mentioned above. An inspec- 
tion of the V CrB flux curve shows that, at wavelengths 
> 1 fitn, the flux spectrum becomes increasingly dom- 
inated by these polyatomic bands. The effect is so severe 
that the radiative transfer process in the atmosphere of V 
CrB becomes dominated by the polyatomic bands. There 
are no models to date which take this fact into account. 
We note that the analogous M star models using H 2 O 
steam opacity have been the subject of continued model- 
ing efforts (Auman 1969; Johnson 1974; and Tsuji 1966, 
to name a few). This lack of previous modeUng is a 
hindrance to the further understanding of both the stellar 
atmospheric structure in carbon Miras and the question 
of how much graphite is being produced in the 
atmosphere. 

The best models to date of carbon stars are those of 
Querci, Querci, and Tsuji (1974) and Querci and Querci 
(1974) which cover the range of effective temperatures 
between 2200 K and 4200 K. They point out correctly 
that the polyatomic opacities need to be included below 
2600 K. For effective temperatures above 2600 K, their 
models provide a good description of both infrared flux 
curves and angular diameters (Goebel and Goorvitch 
1979). In spite of the fact that none is exactly appropriate 
to V CrB, we intend to discuss the properties of C 2 H 2 and 
HCN in the warmer models insofar as they relate to the 3a 
and CNO nuclear burning processes. 

xii) Nuclear Processes 

The relative partial pressures of HCN and C 2 H 2 may 
indicate the type of nuclear processing a star has under- 
gone. For the CNO cycle, [C] ^ [O] <4 [N], while for 3a, 
[C] S [O] ^ [N] (Querci 1974). Thus for 3a production 
and plume-type mixing, HCN and C 2 H 2 abundances are 
about equal while for equilibrium Cl^O-cycle abun- 
dances and deep envelope mixing. HCN is far more 
abundant. The abundances can be estimated from 
detailed models for particular stars, but, because the 
dissociation energies are similar, relative abundances car. 
probably be determined by comparing individual unsa- 
turated lines at nearby wavelengths from the two 
molecules. Hence, it should be possible to deduce which 
nuclear process dominates the stellar interior by observ- 
mg the outer atmosphere, with spectral resolution 
sufficient to resolve the individual lines, provided there is 
efficient mixing. 

Under this scheme, the observations of Ridgway, 
Carbon, and Hall (1978) would imply that TX Psc, UU 
Aur, and Y Tau are dominated by CNO processing since 
only HCN was detected without any C 2 H 2 - On the other 
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hand T Lyr, which is donunated by C 2 H 2 , could be a 3a 
star 

Querci and Querci (197S) have suggested another 
method for determination of the dominant nuclear 
process. They noted that the 3a process preferentially 
enhanced the carbon abundance, while the CNO process 
depleted the carbon abundance with respect to the solar 
value. Thus stars with extensive dust envelopes (e.g., V 
Cyg) should be 3a dominated; stars without extensive 
envelopes (e.g., TX Psc) should be CNO dominated. It 
would be interesting to compare the results of their 
suggestions with more results of spectroscopy at higher 
resolution. 

b) Circunutellar Dust 

We would like to know how much graphite (or other 
carbon>rich dust or soot) is being expelled from the 
atmosphere of the star. The discussion above indicates 
that the presence of the many strong polyatomic absorp- 
tion bands severely modifies the spectral flux distribution 
in the infrared. This new interpretation implies that dust 
reradiation in the infrared, to which had previously been 
ascribed the role of spectral redistribution, plays a lesser 
role in many stars. As mdicated. a quantitative answer 
will have to wait for models which take the polyatomic 
bands into account in the 1-8 ^m range. When the 
photospheric energy distribution is better known, the role 
of graphite (soot) can be more clearly understood. 

From the presence of the 15 jm polyatomic band and 
CN Au « — 2 red-system band, it is clear that the CO first 
overtone at 13 fan should be weakened by those bands 
alone. The weakening effect of CN was first explained by 
Wing and Spinrad (1970). A similar effect occurs in Y 
CVn, a graphite-free carbon star (Goebel et al. 1980). In 
the past, such weakening has also been attributed to dust 
alone (Frogel and Hyland 1972). If the CO first overtone 
were weakened in V CrB because of dust, then the CO 
fundamental should be absent or nearly absent. This may 
be the case in V CrB in our spectrum. But we see nearly 
20% absorption in the CO fundamental at other phases in 
V CrB (Bregman and Wittebom 1980). To see that much 
absorption by the CO fundamental we cannot be observ- 
ing through an extensive dust shell which redistributes 
the radiation at IS fon. Furthermore, the infrared band 
strengths of the other diatomics CN and Cj can be 
adequately interpreted in terms of association into polya- 
tomics, CN into HCN, and Cj into CjHj (Goebel et al. 
19786), rather than by dust veiling. 

To be sure, there is support for some dust about V CrB, 
both from our data and elsewhere. In our spectrum, the 
flux curve never achieves Rayleigh- Jeans slope out to 
14 fOTU although it does closely fit a I67S K blackbody 
between l.S and 4 fan. Beyond 4 fan, the flux levels 
exceed the 167S K blackbody increasingly as the wave- 
length increases (Fig. 2). At 1 1.3 fan, V CrB also displays 
the SiC dust feature. Interestingly, the SiC band in V CrB 
is sensibly diflerent from the SiC band in Y CVn (cf. 
Fig. 2). In y CVn the peak is at 11.7 fim, rather than 
11.3 fan. and the shape of the 11.7 /an band was well 
described by the polytrope assembly of Dorschner, 


Friedemann. and Giirtler (1977). A possible interpreta- 
tion is that the polytrope mixture is sensitive to formation 
temperature, which may be different in the two stars. 
Perhaps the polytrope assembly is sensitive to other 
parameters like pressure or the Si to C abundance ratio, 
or perhaps the grain size and shape differ in Y CV n and V 
CrB This effect could account for a different band shape 
(Gilra 1972). Most carbon stars appear to have an 
11.3 fan like V CrB (FGS; Puetter et al. 1977; MS). 

Emission by dust composed of SiC cannot explain the 
rising continuum between 4 and 14 fan because (1) it is 
confined to the 10-13 fon range in all carbon stars (FGS), 
(2) it is observed in carbon stars without rising continua 
(Goebel et al. 1980), and (3) no laboratory data exist 
which show crystalline SiC bulk absorption coefficients 
to be significant outside the 11.3 /an band (Dorschner, 
Friedemann. and Gurtler 1977). If one interpolates 
through the bands at 4.8 and 7.2 fan. then the rising 
continuum appears to be featureless. For graphite, this is 
what one expects. In Figure 2, we show an emission shell 
contribution which we calculated for the optically thin 
case in excess of the 167S K blackbody using a graphite 
optical depth normalized to 10~ ^ at 10 /an and bas^ on 
the graphite T/t,o„, given by Jones and Merrill (1976). 
Using a shell temperature of 450 iC, this calculation gives 
a reasonable description of the interpolated 4-14 fim 
rising continuum. The value 450 K is not an optimized 
single slab temperature, nor has there been any endeavor 
to adjust temperature gradients (nonexistent in our calcu- 
lation) or particle size distribution (0.1 fan assumed by 
Jones and Merrill). There is no significant thermal con- 
tribution by the shell below 4 fon. 

The existence of such a shell has several implications. 
First, the SiC and graphite are probably in the same 
spatial region. If so, the SiC temperature is similar to the 
graphite temperature, as it is also seen in emission in the 
same spectral region. This is consistent with the theoreti- 
cal models of Jones and Merrill ( 1976). A 450 K tempera- 
ture would cause the SiC emission band to be shifted to 
longer wavelengths than the 11.75 fan band in Y CVn, 
which was described by a 1600 K band temperature. 
Since the SiC band in V CrB is peaked at 1 1.3 /rm, rather 
than 11.75 /un, we can eliminate temperature as a single 
cause of the differing SiC band profiles in the two stars. 
Probably something more fundamental is occurring, as 
suggested above. 

Second, the graphite shell emission should continue to 
nse to longer wavelengths above the 1675 K blackbody. 
Potentially, this future observation should provide a test 
of the material constants assumed by Jones and Merrill 
(1976) in their analysis of thick circumstellar shells. 

Third, the 7. 1 fan band is seen in absorption against the 
450 K continuum. If the band is formed below the 450 K 
dust shell and is partly filled in by emission, the intrinsic 
depth of the band relative to the photosphere must be 
larger than is apparent. Since CS is a diatomic molecule, it 
probably needs the entire atmospheric column density to 
contribute significantly to the band. The CS abundance is 
down from CO considerably, while the CO fundamental 
band may be absent Therefore, we suggest that the CS 
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contribution is minimal. The most likely carriers of the 
7.1 nm band are then HCN and CjHj. 

llius, V CrB appears to have very large polyatomic 
column densities and an optically thin graphite and SiC 
dust shell. The thinness of the shell may find explanation 
in the ratio of C to O for V CrB, which is 1.23 according to 
Kilston (197S). According to Scalo (1973), at tempera- 
tures less than 2200 K. CjHj competes very effectively 
with graphite for free carbon. If most of the carbon in V 
CrB’s outer atmosphere and shell is bound in CjH] and 
CO, then a small graphite abundance is expected. 


We wish to thank the flight and ground crews of the 
KAO for their cooperation in installing our systems and 
operating in the short but demanding observing periods 
required for obtaining the 4-8 data. Drs. R. Wing and 
C. Rinsland provided a critical reading of the manuscript 
and many helpful comments. B.J.T. again wishes to thank 
Dr. Donald E. Osterbrock, director of Lick Observ atory, 
for granting him guest observing privileges at the Cross- 
ley, and Dr. Sandra M. Faber for scheduling telescope 
time to fit his peculiar schedule. 
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ABSTRACT 

Airborne measurements of the [Ar n] (6.99 nm) and [S m] (18.71 /im) lines for six compact H n 
regions are presented, as well as ground>bas^ 2-4 tan and 8-13 tan spectroscopy if not already 
pubUshed. F rom these data and radio data, we deduce lower limits to the elemental abundances of Ar, 
Ne, and S. G29.9 - 0.0 at S kpe from the galactic center is overabundant in all these elements. The other 
five regions (at distances 6-13 kpc from the center) mainly appear to be consistent with standard 
abundances, with the exception of G7S.84-I-0.4 at 10 kpc from the galactic center, which is over- 
abundant in S. However, our preliminary results on G12.8-0.2 at 6 kpc from the galactic center 
suggest a possible underabundance. We feel that a large statistical sample of H n regions is required in 
order to determine if there is a radial gradient in the heavy element abundances in our Galaxy. 
Subject headings: infrared: spectra — nebulae: abundances — nebulae: H n regions 


I. INTRODUCTION 

We report here ground-based and airborne spectroscopic observations from 2 to 4 tan, 4 to 8 tan, 8 to 13 tan, and 16 to 
30 tan for the compact H n regions G29.9-0.0, G45.1 +0.1, G75.84+0.4, G12.8 -0.2 (W33), NGC 7538 IRSZ and W3 
IRSl. When available, the ground-based 2-4 tan and 8-13 ftm data were gathered from the literature, and the new data 
were acquired at the Kitt Peak National ObseiYatory (KPNO)and the Mt. Lemmon Observatory. The airborne 4-8 tan 
and 16-30 /on data were obtained on the Kuiper Airborne Observatory (KAO). Line fluxes at 6.99 tan [Ar n], 8.99 tan 
[Ar ui], 10.51 tan [S iv], 1181 tan [Ne n], and 18.71 tan [S in] are reported for these six H n regions, and estimates of the 
ionic abundances relative to hydrogen are deduct by using radio continuum data to obtain the ionized hydrogen 
column density. 

The infrared fine-structure lines are well suited for abundance analysis for two reasons. First, the infrared line strengths 
are comparatively insensitive to the electron temperature, so that the temperature correction techniques employ^ at 
optical wavelengths (e.g„ Peimbert 1975) are not required. Second, infrared lines provide a probe to much larger 
distances from the Sun than possible with optical lines, although substantial extinction corrections must still be made. 
The H n regions listed above range in galactocentric radii from 5 kpc to 13 kpc. A goal of this long range program is to 
search for possible abundance gradients in the Galaxy. 

In spite of these advantages, it has become increasingly evident that a moderately complete data set is required to 
derive elemental abundances from observations of the infrared fine-structure lines. Relatively simple models of the 
ionization structure employing densities and excitation parameters consistent with radio observations are at variance 
with ground-based observations of the [Ar m], [S iv], and [Ne n] line strengths (Zeilik 1977; Balick and Sneden 1976; 
Lacasse et at. 1980). In addition, previous air^me observations of the [S in] and [Ar n] lines (McCarthy, Forrest, and 
Houck 1979; Puetter et al. 1979) indicate that S ni is more abundant than S tv, and Ar n is also a primary ionization state, 
contrary to expectations if the ionizing source is a single hot star. Hence, observ ation of more than one ionization state of 
sulfur and argon is required for abundance analysis, and this allows an indirect probe of the UV radiation field in the 
nebula. 


' Fannie and John Hertz Foundation Fellow. 

‘ Visiting Astronomer al Kitt Peak Naiionai Observatory. Tucson. Arizona, operated by the Associauon of Universities for Research m 
Astronomy, Inc., under contract with the National Science Foundation. 
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n. OaSERVATIONS 

The data described here were obtained with a variety of infrared systems. The 2-4 (on and 8- 1 3 /on data were primarily 
obtained either at KPNO or the Mt. Lemmon Observatory using circular variable filter wheel (CVF) spectrometers with 
resolutions AA/i " O.OI5-OX)2. These dau are mainly published results, and new results are noted in Table 1. Sampling 
densities are typically one to two data points per resolution element. 

The 4-8 /im data reported here consist of observations in the [Ar n] line and adjacent continuum using the i.' -iversity 
of California at San Diego (UCSD) filter wheel spectrometer (Russell Soifer, and Willner 1977a; Puetter er al. 1979) on 

TABLE 1 


LiNi Fluxb 


Obiect 

Line 

<i* 

Measured 
Line F1ux‘ 
|10'" Wcm-'l 

Aperture 
(arc tec) 

Reference 

Line Flux Corrected 
for Extuction 
(t0*'»Wcm") 

G29.9-0X) 

Ar ni 

1.75 ± 0.23 

130 ± 2.8 

22 

1 

74 8 ± 24 7 


Siv 

1.83 ±0.26 

<6.6‘ 

22 

1 

<42 


Ncn 

0.79 t0.lt 

II3J ± 14.9 

22 

1 

230 ± 42 9 


Sin 

1.31 ±0.18 

41.3 ±4.3 

30 

2 

133.8 ± 32.0 


Ar 0 

0.66 1 0.09 

22±* 

27 

2 

42.6 ± 8.6 


Bn 

• •• 

>31 

17 

2 



Brv 

..a 

0.76 ±0.10 

17 

2 


G75.84 + 0.4 

Ar m* 

168 ±0.08 

123 ±0.37 

11 

3 

8.2 ± 20 


Stv* 

1.77 1 0.08 

1.98 ±022 

II 

3 

11.6 ± 10 


Nen^ 

0.76 ± 0.04 

4.58 ± 0.47 

It 

3 

98 ± 10 


S m 

1 26 ±0.06 

322 ± 3.6 

30 

2 

I84± II 


Ar 0 

0.63 ± 003 

6.0 ± 2.3 

27 

2 

11.3 ±13 


Brs 

,,, 

126 ±020 

It 

3 

• •• 


Brr 

... 

023 ± 003 

11 

3 

• • > 

G12.8-02) 

Ar in 

3.44 

0.69 ± 0.72 

It 

4 

21.3 ± 22.4 


S IV* 

3.64 

0.97 ± 0.33 

13 

2 

36 9 ± 12.3 


Neo* 

1.35 

20.3 ± 1.7 

13 

2 

93.6 ± 8.0 


S m 

2.38 

8.84 ± 2.02 

30 

2 

116.7 ±264 


Ar D 

129 

6.8 ± 1.7 

27 

2 

24,7 ± 61 


Bra 


1.1 ± 0.2 

II 

5 

. •• 


Br, 

... 

0.054 ± 0.016 

II 

5 

• •• 

G45.1+0.I 

Ar ni 

1.62 ±027 

9 .13 ± 202 

• •• 

6 

461 ± 161 


Siv 

1.71 ± 0.29 

9 69 ± 2 .13 

• •• 

6 

33.6 ± 19.3 


Ne n 

0.73 ±012 

X* ± 2.9 


6 

63.9 ± 9,8 


Sni 

121 ± 020 

13.8 ± 1.9 

30 

2 

53.0 ± 114 


Ar n 

0.61 ± 0.10 

32 ± 2.6 

27 

2 

9.6 ± 4.9 


Bra 

... 

32 ± 0.4 

11 

4 



Br, 


0.89 ± 0.03 

11 

4 


NGC7S38 (IRS2).. 

Ar ni 

0.96 ± 0.22 

12 ± 12 

11 

4 

3.9 ± 3.5 


Siv 

101 ± 023 

<3.9 

II 

4 

<10.8 


Ne D 

0.43 ±0.10 

20 ±2.0 

11 

4 

XI ± 4.4 


S nt 

0.72 ±0.17 

32 ± 2.8 

30 

2 

11.8 ±60 


Ar n 

0.36 ± 0.08 

13± 13 

27 

2 

18.6 ± 18.6 


Brs 

... 

<0.3 

17 

7 



Bh' 

... 

0.18 ± 003 

17 

7 


W3 (IRSI) 

Ar nt 

1.30 ±023 

3.7 ± 0.98 

11 

8 

25.8 ± 7.4 


Stv 

1.59 ± 023 

5.7 ± 1.06 

11 

8 

281 ± 8.8 


Ne D 

0.68 ± 0.10 

9 79 ± 2.02 

II 

8 

19.3 ± 4.4 


S m 

1.13 ±0.17 

95.8 ± 7.3 

30 

2 

297 ±36 


Arn 

026 ± 009 

4 7 ± 1.9 

27 

2 

81 ± 3.4 


Bra 

... 

9,8 ± 02 

22 

9 



Bry 


1.6 ± 02 

22 

9 



* From Table] 2 and 3. 

* For detaib of line fiu lee text; two continuum points and a single point at 6.97 foo were used for the Ar n line fits. 

* Upper hmiu are 3 e. 

* A partial spectrum obtained racenlly by blind olfsettmg to the nominal radio peak, rather than “peaking up*, yields 
Ar m and S iv line fluxes similar to those listed here, while the Ne n flux is about a factor of 2 larger The shape of the 
spectrum also indicates 7 > 3. larger than the value adopted in the present analysis 

* Measurements from IS* partial spectrum at noted in text. 

References — (1| Soifer and Pipher I97S. (2) Observations presented in this paper (3) Pipher. Soifer, and Krassner 
1979. (4) Provided by F. C. GiUett. (3) Pipher and Willner 1981 ( 6 ) Weighted average of Hefele and Schulte in den 
Bitumen 1978 and Pipher. Soifer. and Krassner 1979; only the latter data are plotted in Fig. 3. (7) Soifer. Russell and 
Merrill 1976. ( 8 ) Lacasse ti al. 1980. (9) Krassner and Pipher 1980 
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flighu of the KAO in 1979 June. For these obser\ation$ a 27’ focal plane aperture was employed, and the chopped beam 
spacing and orientation were chosen to avoid beam cancellation. 

The 16-30 /im data consist of complete spectra obtained with the Cornell University cooled grating spectrometer 
(McCarthy, Forrest, and Houck 1979) on flights of the KAO in 1979 June. A focal plane aperture of 30' and choice of 
beam throw similar to that used with the UC^D instrument were employed. The specual resolution over the [S ni] line is 
0.2 lim. sampled at a density of approximately three points per resolution element. 

The observed line fluxes (uncorrected for extinction) are listed in Table 1 along with the beam sizes and references for 
the observations The line fluxes for all but [Ar it] have been derived from a detailed fit to each line of the form 
Fi » o -t- W + c exp - [(x - /l,)/ffi]^; that is, a linear continuum plus line emission at i and -«■ 0 . 6 A/pwhm< 
where AJ-fwnm determined from laboratory measurements. We vary a, b, and c to minimize 


error 


no^l 


In one case (G29.9 -0.0), a linear continuum was inadequate, and a quadratic continuum was assumed. For [Ar n] only 
one point in the line and one on either side in the adjacent continuum were used to estimate the line flux. The complete 
spectra from 2 to 30 /xm are presented in Figures 1-3. In plotting these spectra, when different beam sizes were employed 
in different wavelength regions, we have not attempted to correct for beam size effects, since the ionization structure of the 
region prohibits simple scaling of the line intensities. 

The spectra of Figures 1-3 show a number of emission and absorption features superposed upon the strong continuum 
primarily generated by dust. Atomic emission lines addressed in this paper include Bry (2.17 /xm). Bra (4.0S fan), and the 
fine-structure lines of { Ar u], [ Ar m], [S ivj, [Ne n], and [S m]. In addition, recombination lines of He i (2.06 /xm ) and Pfy 
(3.76 /xm) are visible in the s|xctrum of W’3 IRSl. A number of continuum features are also visible. The familiar 9.7 /xm 
silicate feature is clearly in absorption in G29.9— 0.0, G12.8 —0.2, and G4S.1 -f 0.1, and in emission in NGC 7S38 IRS2. 
The associated 18 ;xm silicate absorption feature is not immediately evident to the eye. but it can be understood in terms 
of compensating emission and absorption features at 18 fan. Unidentified continuum emission features at 3.3, 6.2, 7.7, 8 . 6 , 
and 1 1.3 ^ have been detected in a variety of astronomical sources (Russell, Soifer, and Willner 19776) and are seen in 
several of these spectra. Finally the 2-4 ;xm spectrum of NGC 7538 which includes both IRSl and IRS2 shows a strong 
continuum absorption feature at - 3 fon, which is attributed to grain mantle molecules undergoing O-H, N-H, and 
C-H stretching vibrations. On the basis of the 8-13 fan spectra, and the 2.2 and 3.5 xxm photometry, most of the 
continuum flux and the absorption are probably due to IRSl. 


m. DISCUSSION 
a) The Extinction 

In order to compute the line fluxes from the H n regions, the infrared spectra must be corrected for extinction, which 
can be subsuntial. Depending on the wavelength, there are several ways of computing the extinction. At 2.17 fan (Bry) 
and 4.05 fon (Brs), hydrogen recombination lines are observed and can be compared with radio continuum 
measurements of free-free radiation, or the ratio of the Bra and Bry lines can be employed to compute the extinction. At 
8-13 fan, the broad absorption feature seen in spectra is assumed due to cool silicate material m the line of sight. By use of 
an assumed extinction law, extinction at wavelengths between 4 and 8 fan can be extrapolated from shorter and longer 
wavelengths. At wavelengths longer than 13 /xm, we adopt the value of r,| /T 9.7 determined by Forrest, McCarthy, and 
Houck (1979) from circumstellar shell data. This ratio is consistent with the value derived from simple two-component 
dust models of H n regions (McCarthy, Forrest, and Houck 1980). The adopted extinction law is presented in Table 2 and 
discussed below 

The 8-13 /xm data have been corrected for extinction due to cool silicate material external to the line-emitting region 
by two simplified models. One of these (model I) assumes that hot grains radiate as blackbodics, and the other (model II) 
assumes optically thin silicate emission (Gillett et al 1975a; Soifer and Pipher 1975). These models were computed by 
minimizing 

* \ error / 

Generally the model II better fit the H n region discussed here. Limiutions of these models have been discussed by Kwan 
and Scoville(1976) and Willner (1977). Also Jones et al. (1980) have shown that the trough between the unidentified 11.3 
and 8.7 fan emission features mimics the silicate absorption feature at 9.7 fan in NGC 7027, and they surest that the 
presence of unidentified features in a compact H n region spectrum might lead to an overestimate of the silicate optical 
depth. In Table 3 we list the computed model II fit of t ,.7 for each H n region studied. The Trapezium spectral shape 
(Gillett ef al. 1975o) is used to determine t^/r* 7 from 8 to 13 /xm. 

The 4-8 fan data have been treated in several ways. First, at 8 >xm, there is overlap with the 8-13 ftm data, and the 
extinction at 8 fon can be obtained through fitting the silicate feature from 8-13 /xm as described briefly above. Second, 
the line flux to the radio continuum flux ,F(Bra)/S, (radio) can be used to deduce the extinction at 4.05 #xm if the Bra line is 


G 29 9-0.0 


i.rr 




• " * f ** 

■■ «r v 

I't'f ” 

1 1 28" ^ 


.••••• . 


. •.*• n 


I .-i I I 

[ArH] [ArlIL][ST2:] [NeDl] 


! ' 30 






G 75.84 +QA * 02 


fsm] 


Fk>. I.— The 4 8 /on and the 16 30 pm data for G24.9-0.0 and 075.844 0.4. and Ihe 2 4 pim data for 029.9-00 were obuintd as de i crihed n leal. The 8 13 ptm data for 029.9-00 arc from 
Soifer and Pipher 1975, and Idr 075.84 4-0.4 from Pipher, Sotfer. and Krassner 1979. The 2- 4 |im data are from Pipher. Sotfer. and Krassaer 1979 Plots from Ihe btcratiHC do not mchide error hors 
Apertures (or the observations plotted are marked on Ihe figure. 








Flo. 3.— The 4 8 |im and 16 30 ;im data (nr NGC 7538 IRS2. and G45.I +0.1 were obtained as described in ten 73w 8-13 rim data (dr NOC 75.18 IRS2 and 045 I +01 arc provided bjr 
Gilktt and with belter than 5*; accuracy, so error bars arc not plotted The 2-4 pm data (or NOC 75.18 iHS2 are from Sodcr. Russell, and Merrill 1976 and idr 045 I +01 from Krassner 
and Pipher 1980 Plots from the literature do not mclude error bars Apertures (or tbe observations plotted arc marked on the figure Note that aH the apertures except for ihe I 13 pro data 
include IRSI as well as IRS2 for NOC 7538, so that continuum levels disagree. 
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TABLE 2 


ADonro EmNcnos Law 


i(jnn) 

Line 

■> 

125 


221 

las 


121 

2.17 

Br, 

0.98 

4.05 


0.52 

6.99 


0.30 

8.99 


0.80 

1021 

S IV 

0845 

I2it 


0.36 

18.71 


060 


TABLE 3 

Computation op Extinction* 


Object T, ,,* T4 05* t, ,,* t, . (Modem) t,.„ t,.«j f,,‘ 


G29.9-OjO <0.94(<l.g) 1.5(L5) 2.5 3.8(1.7) 2-3(lg) 1.9±0,4 

G75M+04 ... ... 2.0 ... ... 2.1 +0.1 

G45.1+0.1 l.W(1.6) 1J7(24) 1.99(2.0) 2.0 ... ... 2X) ± 0.3 

NGC7S381RS2 .. 1.15(1.2) 1.0 ... ... 1.2±0.3 

W3 1RSI l.g(1.9) 0.94(1.7) 17(1.8) 2.3 ... ... 1.9 ± 0.3 

G12.8-0.2 4.23(4.3) ... ... 4.3 ... ... 4.3 


* Quantities in parenthesis indicate r^ , determined from that value of Tj. 

* From .^(Br/),'.F'(Bra). 

* From .^(Brrl/S, and .^(Bra)/S,. 

* The errors are standard deviations. 

detected. Alternately, one can use the Br/ line at 2.17 jon.^ This technique has been used by a number of authors (e.g., 
Simon, Simon, and Joyce 1979; Soifer, Russell, and Merrill 1976) to determine the extinction. In some instances we have 
used the ratio of .^(Bra)/.^(Br/) instead. This ratio is not very sensitive to the value of T, assumed and does not 
necessitate estimating the radio flux in our beam. Both methods weight regions of lower optical depth if there is 
differential extinction across the beam. (The adopted Brs and Bry fluxes are listed in Table 1.) Some assumed or measured 
value of the extinction law between 4 and 8 /rm is then required to correct the dau. The Van de Hulst number IS 
reddening law approximates observed values from visual wavelengths out to 3-4 /rni; beyond 4 /m the data are scarce 
and controversial. For example, Hackwell and Gehrz( 1974) find a law consistent with x outto 10 jim (within the 
error bars), and the ratio R « A^/E^.y » 3.4 (rather than 3.1 for Van de Hulst numtxr IS). The data of Gillett et al. 
(19756) on VI Cygni Star 12 are also consistent with A^ x I/a from 4 to 8 jim; hence, we use this law to extrapolate to 
6.99 nm from either 4 or 8 tan. From 16 to 30 jim the only available data are from the paper by Forresu McCarthy, and 
Houck (1979) on circumstellar shells. They conclude that r,,., ~ O. 6 T 9 Because extinction corrections arc so important 
in our abundance calculations, we have computed t, 7 from tj. ,7 and^r T 4.05 when the data were available using t, /t ,.7 
and have deduced a mean value of the optical depth at 9.7 jim, for use in further calculations, which is tabulated in 
Table 3, along with the standard deviation. This value of 7 is then employed with the assumed extinction law 7 to 
calculate the extinction at the wavelengths of the forbidden lines of Ar in, Ar n, Ne n, S in, and S iv. Table 1 presents line 
fluxes corrected for the extinction by this method. The corrected fluxes arc used later in the abundance analysis. All of the 
uncertainties quoted for the corrected line fluxes, and ultimately the abundances (see next section), include our estimated 
uncertainty in the adopted f^. The remaining uncertainty is the assumption that the extinction law is the same from region 
to region. 

b) Estimating Ionic Abundances 

In order to convert corrected line strengths into abundances, we follow the techniques of Petrosian (1970)and compute 

/NA_ [N.‘N,dV UnJ/n^)n,n^v 
\sj ]N,N^dV~ f SyN^V ’ 

which gives an average abundance of element x in the ith ionization state with respect to hydrogen, weighted by the 
electron density S,. In this expression, is the ionic number density, and is the hydrogen number density. If S, is 

’ The assumed values of.^(Bri)/S, (5 GHz)and.:F(Brv)/S,(5 GHzlare 3.2 * 10'* Hzandl.l * 10'*HzrespectivelyataiielectroDleinperatureor 
7500 K and are approximately proportional to (T,)'® *’ and (T,)"* ’. respectively. These ratios are not sensitive to the electron density and were 
calculated for He H — 0.15, with no He**. 
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TABLE 4 


Aoomo COixisioN Strengths (O) 


Ion 

Transition 

Q 

Ne n 

a-’Fs J 

0)68 

S ui 



1.17 



0.56 



0.55 



0.11 



2.72 



164 


•s,-*/*. 

0.33 



2.74 


'So-'P, 

0.54 


■So-‘D, 

1.29 

Siv 

^P,i-^P,, 

1.66 

Ar p 



074 

Ar m 

'P,~'P, 

2JI 


'Pr'Pt 

0.51 


'D,->P, 

2.55 


■So-’Fi 

0.37 


*F,-*Pi 

1.12 


'D2-'P, 

1.53 


■So-’P| 

0.22 



0.51 



0.074 


'So- 'Da 

0.83 


Note — The preceding list was complied by W J 
Forrest. The Ne o oolluion strength was computed 
from calculations of Seaton 1975, white all other 
collision strengths are calculated from the dau of 
Krueger and Czyzak 1970. 


constant, and the integrals are evaluated over the entire H n region, then the above ratio is the actual ionic abundance. 
For density fluctuations, the abundance is weighted towards regions of higher radio flux. Using the expression for the 
radio flux 5^ given by Osterbrock (1974) in the optically thin limit, and the line flux 


• 3 j-i obtain (assuming • 


where j is the emissivity in ergs cm 




(2) 

1.15) 

(to^ 


(3) 


ergs cm’ s'* sr'*/ 


We assume an average value of O/Ni'N,) over the H n region ionization zone. The quantity UNJN, is obtained by 
solving the population balance equations (Osterbrock 1974) at the S, and T, of interest (obtained from radio continuum 
data), using the wavelengths and transition probabilities given by Osterbrock (1974). We use the collision strengths listed 
in Table 4 since the values tabulated by Osterbrock (1974) are in error for ions with Z > 1, and T, » 7500 K (Forrest 
1980). When employing equation (3) to compute ionic abundances, we use the line flux F, corrected for extinction. 
Although use of F,/f would require a smaller differential extinction correction than F, /S„ we wish to avoid the 

resulting dependence on electron temperature, which itself is abundance dependent. 

In most cases cited here, the beam sizes for the Ar ni, S rv, and Ne ii measurements are smaller than the diameters of the 
H n regions. Because the ions being measured are not evenly distributed over the nebula, the computed ionic abundance 
from a small beam measurement (e.g„ from only part of the H n region) does not necessarily reflect the ionic abundance 
for the entire H n region. 

To illustrate how b^m size effecK; for different ions of the same element are treated when combining ionic abundances, 
we imagine a situation in which ouy two ionization sutes [(1), (2)] of element x dominate the H ii region. Then 

f (S»VN^)N.N^dV ^ J (AV^VNh)^.Nh^F 
\sj J N,N,dV • 


where the integrals are over any common volume (even if not the volume of the H n region). However, if common 
volumes are not sampled, we underestimate <N,//Vh>- For example, consider measurements of S m and S iv in an H n 
region with 30" and 11' apertures, respectively. These measurements can be combined to yield a lower limit to the 
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TABLE 5 


t)isiance 

from 

Galactic 

Source Center 

f« 7* Ar ni S IV Ne 0 S lu An (kpc) 


G29 9-0.0 1.9 ±0,4 1.9 ±0.7 <0J 19 ±0.3 19 ±0.7 3.1 ±0.7 5 

G129-0J 4.3 0 46 ±0.4« 0.12 + 004 0.30 ± 003 0.34± 0.08 0,32 ±0.08 6 

G45.1+0.1 2.0 ±0.3 091 ±0.28 0.22 ±0.08 027 ± 0,04 0.53 ±0.12 0.38 ± 0.20 7.5 

G75.84+0.4 21 ±0.1 0.63 ±0.15 020 ±002 0.18 ±0.02 22 ±0.1 0.72 ±0.16 10 

W3(1RS1) 1.9 ±0.3 1.7 ± 0.5 0.44 ± 0.14 0.32 ± 0.07 1.1 ±02 0.15 ±0.06 12 

NGC 7538 (IRS2) 1.2 ±0.3 029 ± 026 0.03 ± 0.06 0.55 ±0,08 0.49 ±025 32 ±32 13 


Non —Adopted standard abundances relative to hydrogen: A/,| m 4.7 * lO"*; S^u,^S^ ■ 1.6 « 10**; and m 1.5 * 10'*; 

from Cameron 1973 and Kaler 1978. 

* Deduced as discussed in text: always referenced to beam sues for the measurement Errors include uncertainties from infrared line flux 
determinations and standard deviation of errors in r (Table 3) but do not include those resulimg from unceruinties m esiimatmg radio flux 
for that volume. 

* From Table 3. 


elemental sulfur abundance by assuming that a minimum estimate of the amount of S iv that would be observed in a 30" 
beam is the amount observed in the 11" beam. If S and L represent the smaller and larger beams respectively, then 

> is {S,**\<S„)S.N„dV J, (Nj^'/S„)N.S^dV /^\ ^ /^\ 

\Nh/ U i S.N^dV \Nh/jV1 \NhA' 

1^5 / Vi^ is the ratio of the radio fluxes in Uie small and large beams and the inequality is present because all of the S iv (ion 
number 1 ) may not be contained within the smaller aperture. If the S iv ion is distributed beyond 11", the underestimate is 
subsuntial. However, if the S tv is completely conuined within 1 1 *, the equality holds, and we have a good estimate of the 
sulfur abundance. A further complication is the neglect of other ionization states, which also leads to an underestimate 
of the elemental abundance. However, without empirical knowledge of the ionization structure, these abundance 
estimates are the best possible. Correction factors designed to improve the abundance estimate by including a guess at the 
ionization structure are model dependent (see, e.g., Lacasse et al. 1980) and will not be employed here.* If clumping is 
presenL jlN,Sj may decrease due to collisional de-exciution which also leads to an abundance underestimate. 

Using the expression for the line fluxes corrected for extinction from Table 1, and values of S, (justified 

below) for the same beam sizes as used in the IR measurements, we list the computed ionic abundances for the six H n 
regions studied in Table 5 relative to the standard elemental abundance. For comparison we adopt as our standard 
abundances (i.e, solar neighborhood) the values of Cameron (1973) for S/H, O/H and Kaler (1978) for Ar/0, Ne/O. 

c) Individual Sources 

In this section, we discuss computation of the ionic abundances for each of the individual sources and justify the choice 
of S, used in the computation ; radio data for each source are given in Table 6. We emphasize at the outset that the choice 
of S, for extended sources is uncertain due to both the difficulties of obtaining integrated fluxes for our beams from radio 
maps with relatively poor resolution and the lack of knowledge concerning the exact infrared beam positions on the H n 
re^ons We have no satisfaaory method of (deducing the amount of this uncertainty; hence, it is not included in our error 
estimates. However, this problem should be kept in mind when interpreting the final results. In what follows, we adopt a 
value o(T,^ 7500 K for the electron temperature. Electron temperatures quoted (from radio recombination line studies) 
in the literature are quite discrepant (e.g., Lichton, Rodriquez, and Chaisson 1979 ; Churchwell et al. 1978 ) and have large 
uncertainties. The H u regions closer to the galactic center may have lower temperatures (due to presumed higher 
abundances); this point is currently under debate (Silvergate and Terzian 1979). Because this study is attempting to assess 
the existence of abundance gradients in the Galaxy, we do not a priori assume a temperature gradient. 

i) C299-0.0 

Spectrophotometric data from 8 to 13 /an have been previously obtained for G29.9— 0.0 by Soifer and Pipher (1975). 
These investigators found a 12.6 /nn half-power diameter of 13’’ v hich agrees with that determined by Felli, Tofani, and 
D'Addario (1974) and Krassner et al. (1980) from radio continuum observations. Thus we can assume that both the 
airborne measurements of [Ar n] and [S m] line fluxe* (27", 30" beams) and the ground-based measurements (22" beam) 


* As » guide to the reader, the Ar */Ar ' * and/or S * * .-S * ♦ * ratios observed for G29.9 - 0.0, G 12.8 - 0.2 G75.84 + 0.4. and NGC 7538 IRS2 suggest 

that the ionic abundance for Ne* should be roughly within a factor of 2 of the total Ne abundance 
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TABLE 6 
Radio Data 


Source 

(1) 

(arc sec) 
(2) 

£ 

(10* cm'* pc) 
(3) 

(10** cm") 

(4) 

V 

(cm** pc) 
(5) 


Flus (Jys) 


(GHz) 

(9) 

References* 

(10) 

Total 

(6) 

11' 

(7) 

27' 

(8) 

G299-0.0 

13* 

7.7 

04 

75 

2.9 

~2.9 

2.9 

107 

(1> 

G75.84 -1-0.4 

22 

6.8 

0.34 

66 

3.7 ± 0.4 

1.3 

3.7 

5 

(2) 


11.7 X 6.9 




2i4 



Z7 

(3) 

G12.8-OZ 

•~35 

34 

0.8 

too 

25 ±3 

5J 

19.3 

5 

(4M5) 

G451 -1-0.1 

91 

57 

1.2 

110 

4.0 ± 0.3 

~4.0 

4.0 ± 0.3 

5 

(6) 

NGC 7538 (IRS2) 

109 X 7.8 

14 

1.1 

31 

1.4*01 

~1.4 

14 

5 

(7) 


7.6* 

20 

1.3 

36 

1.3 + 0Z 

1.3 

1.3 

5 

(8) 

W3(IRS1) 

40 X 40* 


0.6 

92 

33 ±4 

1.5 

~ 12-14 

5 

(9). (10) 


* Gaussian half-power width. 

'Cylindrical geometry (diameter-length). 

* Rough estimate from radio map. 

* REF*«tNC£S — (I) I6M « 250' beam. Felli, Tofani. and D'Addano 1974 (2) Component K, V2 x 9'0 beam, Matthews ei at. 1973. (3) Total 
flus. 9"4 X 575 beam; Turner rt at. 1974. (4) G12.80~0.20. 576 x 30" beam, Goss. Matthews, and Winnberg 1978. (5) VLA measurements of 
T Herter and ). Krassner 1980. (6) Component A. 7' x 38" beam; Matthews ei at. 1977 (7) Component A 270 x 273 beam. Martin 1973. 
(8) Component GZ 775 x 8*7 beam. Israel 1977. (9) W3A 270 x r3 beam. Harru and Wynn-Williams 1976. (10) Wynn-Williams 1971. 

of [Ar in], [S iv), and [Ne n] line fluxes were made with beams which encompassed the entire H u region. This allows 
direct computation of the ionic abundances A 2-4 fan spectrum obtained at Mt. Lemmon on three nights from 
1977-1979 is shown in Figure 1 along with other spectra noted above. 

The radio flux density, S„ used in the abundance calculations is that of Felli, Tofani, and D'Addario (1974), who found 
atotal flux of2.9 Jyat 10.7 GHz.Arecent VLA measurement of G29 .9— 0.0 by Herter and Krassner (1980) yielded 2.8 Jy 
at 5 GHz. 

The extinction to G29.9-0.0 has been computed in a variety of ways. First, the model II fit to the 8-13 fan data of 
Soifer and Pipher (1975) yields T9.7 - 2.5. Because there is line emission from unidentified features at 3.3 fon,6.2 /on. and 

7.7 fon, one wonders whether a smaller value of t »,7 might be appropriate. However, there is only marginal evidence for 

8.7 and \13 fan features in the 8-13 fan spectrum of G29.9— 0.0. Because we do not understand the nature of the 
emission features, and because the 1 1 J fim feature is generally strong in H a regions where all features are present (Dwek 
ef al. 1980), we consider the model II value of 19.7 to provide an upper limit to the extinction. We can also compute the 
extinction from the radio and Br/ fluxes, assuming T, — 1500 K and find that T2.17 * 1-5 which implies T9.7 » 1.5. 
Because this value is quite different from the model II upper limit, we examine other independent methods of computing 
the extinaion. Photometry at J and H, with a 17' beam, yields value of 3.5 x 10" ** W cm"^ fan and 8.3 x 10" ** W 
cm** fan, respectively. Using the expressions developed by Willner, Becklin, and Visvanathan (1972) relating the 
predicted flux density in these bands relative to radio flux density on the assumption that only recombination processes 
contribute to the infrared flux density, we compute lower limits to the opacity at J and // of Ti.js ^ 3.8 and 1, 93^ 2.3, 
respectively These in turn lead tOT9.7 ^ 1.7, 1.8 respectively, where the equality applies ifthere is no additional source of 
infrared radiation such as dust emission. We have assumed dust emission to be negligible at J and H and have adopted the 
average of the four extinction values derived above. The main remaining discrepancy is that we can compute a lower limit 
to the Bra flux (incomplete wavelength coverage of data) which implies T9.7 < 1.8. This is close to the adopted value of 
t9.7 “ 1.9 ± 0.4, and either a lower electron temperature or a different extinction curve could resolve the remaining 
discrepancy. Such changes would act in a direction to increase the derived abundances. 

We now compute the ionic abundances using the corrected line fluxes F, (assuming the average extinction 

correction f 9 7) and the value of S, adopted. In Table 4, the ionic abundances are expressed as ratios with respect to the 
standard elemental abundances. Since the measurement beams encompass the H n region, the sum of the Ar n and Ar m 
abundance ratios represent a lower limit to the measured argon abundance ratio in G29.9-0.0, namely 5.0 ±1.4 times 
standard argon abundance. Ar iv is also expected to be present in G29.9 —0.0, although the nondetection of S tv suggests 
this may be a small constituent. We note that even if 99 „„ « 0, Ar n alone is 1 .6 times standard argon abundance, and 
thus argon is c!.:arly overabundant in this source. The total sulfur abundance % the S ni abundance, and is 1.8 ± 0.7 
times standard. Finally, the Ne n abundance is 1.8 ± 0.3 times the standard elemental neon abundance, indicating that 
neon is also overabundant. Furthermore, much of the neon is expected to be in the form of Ne ni, based on the excitation 
parameter (Table 6). We note that if there is clumping, all of these abundance ratios would be even larger. 

ii) C75.S4 -1.0.4 

Spectrophotometric measurements of this source have been obtained by Pipher, Soifer, and Krassner (1979) in the 
spectral ranges from 2 to 4 /im and 8 to 13 )im (see Table 1, note e). A map at 12.6 fim by these authors and radio 
continuum mapping by Matthews et al. (1973) at 5 GHz (7^2 x 9" beam size) and Turner et al. (1974) at 2.7 GHz 
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(974 X 575 beam size) confirm the multiple structure of this source and indicate a general coinadence between the 
infrared and radio emission. Both radio measurements indicate two main components of comparable total flux and size. 
According to Matthews et al. (1973). component A is 19' x 12' with a total flux of 3.7 ± 0.4 Jy, while component B. 
which lies - 20' to the east of A, is 20' x 18* and has a total flux of 2.7 ± OJ Jy. Turner er of. (1974) find a total flux of 
1 .6 Jy for component A and a toul flux for all components added together of 2.5 Jy and note that G75.84 + 0.4 is probably 
optically thick at 2.7 GHz. Line flux measurements were uken with beams centered on component A; hence, this 
component will be the dominant contributor to the radio flux for the beam sizes of interest here ( ^ 30'). We assume that 
for [Ar n] and [S iii] line flux measurements the beam encompassed the entire H n region associated with component A. 
For computation of the [Ar in], [S iv], and [Ne n] abundances we estimate from the parameters for the H n region given 
by Matthews er cl. (1973) that 1.3 Jy at 5 GHz would be contained in a radio beam centered on component A with a 
beam size comparable to the infrared measurements (11*). (See, however, discussion by Turner er al. (1974) who find the 
physical parameters derived by Matthews et al. (1973) to be uncertain, because the complex may have multiple 
components. Hence the adopted values of S, in our beam size may be in error by as much as a factor of 2.) 

According to Pipher, Soifer, and Krassner ( 1979) the value of T9 7 is 0.5 or 2. 1 depending whether a model 1 and model 
II fit is chosen (see § Ilia). Typically, the model II fit is the “best fit." But since neither model fit was unambiguously 
better, we consider other extinction estimates. Because we are uncertain about the radio flux in our beam, we use the ratio 
of the Br/ and Brx line fluxes, coupled with the assumed extinction law, to deduce T2.17 » 2.2, which would imply 
T9 7 K 2.2. The 2-4 /on spectrum may have been obtained at a somewhat different spatial position, and variable 
extinction across the nebula is possible; hence, there may be some uncertainty in comparing these estimates of T9 7. 
Despite the excellent agreement of the model II value with that determined from the Brackett lines, we adopt 
f9.7 > 2.15 ± 0.3. Here the error is not the formal standard deviation but a typical uncertainty in f^-,. Ionic abundances 
relative to the standards are listed in Table 4 for this mean value of T9 7. Combining ionic abundances according to the 
prescription outlined in § Illh, we find the following lower limits to the elemental abundances for argon and sulphur 
(relative to standard abundance), of 0.94 ± 0.21 and 2.3 ± 0.1 respectively. We can conclude that the lower limit to the 
abundance for Ar is consistent with the adopted standard abundance, within the errors, and S is a factor of 2 
overabundant. Since other stages of ionization have not been observed (notably Ar tv and Ne in) and since not all of the 
H n region was sampled for all ions measured (see § Illh), the resultant Ne and Ar abundances may even exceed standard 
values. 

iii) G45.I -t-0.1 

Spectrophotometric observations of G45.l-f0.1 have been obtained by Krassner and Pipher (1980) and by F. C. 
Gillett from 2 to 4 fan with an 1 1* beam and from 8 to 1 3 /im by Hefele and Schulte in den Bitumen ( 1978) and a 22* beam. 
New observations from 8 to 13 /on are presented here (Fig. 3) with a 775 beam (observations with an 11* beam are 
identical in spectral shape and flux density). A radio continuum map of G45.1 +0.1 at 5 GHz by Matthews et al. (1977) 
with a 7* X 38* beam size reveals two dominant components separated by — 50*. Component A is found to be '«'675 in 
size with a total flux of 4.0 ± 0.3 Jy,’ whereas component B is 25* in size with a total flux of2.1 ± 0.3 Jy. All infrared line 
flux measurements were taken centered on component A ; thus, due to the small source size, we expect all infrared beams 
to include all of component A, but none of B. The multiplicity of beam sizes for 8-13 fan measurements, which show no 
appreciable differences in forbidden line flux, also support this contention. 

The ionic abundances are computed using a flux of 6.0 Jy at 5 GHz (see note 5) for component A and the corrected line 
fluxes for G45.1 +0.1. An average (weighted by errors determined by the line fits)of the line fluxes of Hefele and Schulte 
in den Baumen (1978) and the present data has been adopted. Although the present data (11* beam) show no apparent 
detection of [S tv] and [Ar m], Hefele and Schulte in den Bitumen (1978) detected these lines in a 22' beam. The mean 
extinction correction ({9.7 » 2.0 ± 0.3) is listed in Table 3: it was deduced from the ratio of the Br/and Brx line fluxes to 
the radio flux, the model II fit to the 8-13 ^ measurements presented here, T9 7 — 2.0,and the assumed T2/T9.7exiinction 
law. The corrected ionic abundances relative to hydrogen are listed in Table 5. Since all infrared beams are assumed to 
encompass the entire H n region, these ionic abundances can be combined to yield the elemental abundance (see § lllh). 
This gives elemental abundance ratios for argon and sulphur (relative to standard) of 12 ± 0.5 and 0.75 + 0.2, 
respectively. We conclude that the abundances for Ar, S. and Ne in G45.1 +0.1 are consistent with the adopted standard 
abundances. If Ar tv and Ne lu are present in any quantity, as is expected on the basis of the high excitation parameter 
(Table 6) and/or if there is clumping the actual elemental abundances may very well exceed sundard abundances. 

NGaS38 IR52 

Southwest of the optical H n region NGC 7538 SI 58 is a compact radio source which high resolution continuum 

measurements resolve into three distinct components. Martin ( 1973) has mapped this source at 5 GHz with 2' resolution 
and finds component A (which is 879 x 8"0) with a total flux of 1.4 ±0.1 Jy dominates components B and C which have 
total fluxes of only 0.12 ± 0.02 and 0.02 ± 0.01 Jy respectively. Israel (1977) finds similar results with lower resolution 


’ Matthews tt al. (1977) find t, 0.8^, thus equation (3), which assumes that S. is optically thin, is not directly applicable. Since the radio flux in 
the opucally thin limit - S^t, we can deduce an* equivalent's, in this case, by multiplymg the measured 4 Jy byt/(l - e*') The “equivalent's, is 
6 Jy for use in equation (3). 
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(~ 7') 5 GHz measurements. Wynn-Williams, Becklin, and Neugebauer (1974) have mapped this region at 20 (im with a 
5' beam and find infrared sources coincident with each of the radio sources found by Martin. Willner (1976) has obtained 
spectrafromS to 1 3 /im of all three components with a 7T5 beam and finds IRS2 to be the only source in the complex show- 
ing evidence of infrared forbidden line emission. A new 8-13 urn spectrum of 1RS2 (provided by F. C. Gillett) was 
obtained with an 1 1* beam. All of the other measurements were obtained with an obsen ing aperture sufficiently large to 
encompass both IRSl and 1RS2. Thus there is a large discrepancy among the continuum levels plotted in Figure 3. 

The line fluxes for IRS2 are listed in Table 1 . pS'e u] is the only line unambiguously detected ; formal fittmg prot^ures 
give upper limits to the strengths of other lines. An extinction correction of r«.7 « 1.0 was determined from a model 11 fit 
to our 8-13 fan spectrum. Soifer, RusseU. and Merrill (1976) observed the Br/ flux and using the appropriate value of 
.iF'j. I From the adopted extinction law (Table 2), we deduce f,.7 - 1.2 ± 0.3. After correcting 

the [Ne n] line flux for extinction, we compute the Ne o abundance relative to standard for NGC 7538 1RS2. namely 
O.SS ± 0.08. Because other stages of ionization may be present for neon (e.g., Ne ui), we can only conclude that the 
measured ionic abundance of Ne n is consistent with the adopted standard abundance. For other ions (with the marginal 
exception of S m below), the signal-to*noise ratio is sufficiently poor to prohibit any conclusions. 

The nearby optical H n region NGC 7538 has been observed for (S iii] flux using the Lear Jet telescope with a 217 beam 
(Forrest, Briotta. and Gull 1979). The beam was centered on the optical nebulosity and a flux of 19 ± 3 x 10" W cm" * 
was observed in the 18.7 fan line. Using the 15 GHz radio dau of SchramI and Mezger (1969), we estimate a radio flux of 
approximately 1 1 .9 Jy from this region. As this region is optically visible, the extinction at 18.7 ^un should be quite small. 
Then the above fluxes imply a S tu abundance (relative to standard elemental sulfur abundance) of 0.82, our 
determination of the relative S m abundance from IRS2, where an extinction correction was employed, is 0.49 ± 0.25 (see 
Table 5). For comparison. Talent and Dufour (1979)derive a [S oi] abundance ofO.46 standard from optical observations 
in two small regions and also derive a S u abundance of only 0.07 standard. As some of the sulfur may be in the form of 
S IV in this region, we conclude the [S ni] measurements in NGC 7538 are compatible with the standard S abundance. 

V) W3 IRSl 

Spectrophotometric observations of W3 IRSl have been obtained by Willner (1977) from 8 to 13/or withan ITbeam 
and by Krassner and Pipher (1980) from 2 to 4 /on and 8 to 1 3 /im with 22* and 1 1' observing apertures, respectively. The 
[Ar n] and [S m] data reported here were obtained with 27* and 30* apertures, respectively . A radio continuum map at 5 
GHz with 2* resolution by Harris and Wynn-Williams (1976) reveals a shell structure in the emitting gas approximately 
40" in diameter roughly centered in IRS2, the dominant exciting star (Harris and Wynn-Williams 1976). £)ue to the 
extended nature of this source, none of the infrared apertures include all of IRSl. The 2-4 fan and 8-13 fon spectra of 
Krassner and Pipher (1980), adopted here, and the [Ar n] measurement of this paper were acquired with the beams 
approximately centered on IRS2; we estimate from the radio map of Harris and W ynn-Williams ( 1976) that 5 GHz radio 
fluxes ofO, 1.5, and 13 Jy respectively would be conuined in 22*. 11*, and 27* apertures. The peak [Sin] line flux was found 
to occur at the 5 GHz ridge to the northwest of IRS2. We estimate 13 Jy at 5 GHz will be contaiiied in this observing 
aperture. 

The measured line fluxes for W3 IRSl are presented in Table 1 . A model II fit to the 8- 13 /<m spectrum of Krassner and 
Pipher (1980) yields an extinction correction of T9.7 » 2.3. The ratios of the Br/ and Bra line fluxes to the radio flux in the 
same beam size imply 12 ,7 « 1.7 and T4.0S * 0.9. The ratio of the Brackett fluxes leads to T2.17 » 1.8 Because there is 
diflerential extinction across W3, these values all underestimate the optical depth. Nonetheless, we use these and the 
adopted extinction law, T2/T9.7, to deduce f9.7 > 1.9 ± 0.3. Using the correct line fluxes (Table 1) and the appropriate 
value of 5^ we derive the corrected ionic abundances relative to the adopted standard elemental abundances ; these values 
are listed in Table 5. 

If the ionic abundances are combined according to the prescription given in § III6, we find that the lower limit for 
sulphur relative to sundard abundance is 1.2 ± 0.2. The observed ionic abundance of [Ar n] in a 28* beam shows that this 
ion IS neligible compared to [Ar m]. Thus the argon abundance is ^ 1.7 ± 0.5 standard, suggesting the argon may be 
overabundant. We conclude that the abundances in W3 IRSl of S and Ne are consistent with the adopted standard 
abundances, noting that models of W3 IRSl suggest that the argon measurement is indeed a lower limit (Herter ei al. 
1981). A large ajxrture (27) measurement by McCarthy (1980) yields Sui abundance ofO.22 standard sulfur abundance 
(uncorrected for extinction). After correcting for extinction, this is in reasonable agreement with the value found here. 

Vi) GI2R - 0.2 

We present a new 8-13 fan spectnim (with an 11* beam) of the strong thermal radio source G12.8 - 0.2 in the W33 
complex as well as a 4-8 fan and 16-30 fan spectrum in Figure 2. A partial 8-13 /im spectrum using a 15* beam was also 
obtained ; the spectrum is not plotted in Figure 2, but the [Ne n] and [S iv] measurements are reported in Table 1. Goss, 
Matthews, and Winnberg (1978) find that this source dominates the complex with a radio flux at 5 GHz of 25 Jy and a 
radio size of 'o 14* x 27*. The other weaker compact sources in the complex ( '- 12'indiameter)contributeiessthan2 Jy 
radio flux, although diffuse flux of ^ 30 Jy spread over the 12' diameter is indicated. Unfortunately, the highest resolution 
radio map available had a resolution of 5.6' x 30*.‘ 

* Our VLA data (resoluuon — 2’) on G12.8 — 0.2 are not yet complete Preliminary analysis suggests that the source is larger than 30* arc in 
diameter, and that IST, 21 *„ 33*. and 76*; of the toul flux is contamed in beams of 9', II*, IS*, and 30* respectively 
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The measured line fluxes are given in Table 1. A 2-4.3 /mi spectrum of G12.8 - 0.2 has been obtained by Pipher and 
Willner (1981), and they estimate Tj .7 ■■ 4.2 from the ratio of ,/’(Bra)/,F{Brv). From a model II fit to the 8-13 nm 
spectrum we find m 4.3, in excellent agreement with the Brackett line estimate. A mean value of f«.f ■ 4.3 ± 0.1 is 
assumed to correct the line fluxes. Using the adopted radio fluxes, and the corrected line fluxes, we deduce the corrected 
ionic abundances relative to elemental sundard abundances (Table 5). Combining these according to the prescription in 
§ Illb, we find that the elemental abundances are 0.3 ± 0.1 times standard for Ar n, 0.4 ± 0.1 times standard for sulfur 
and 0.3 ± 0.03 times standard for neon. Because we have no information on other ionization states or clumping, we quote 
these abundances as lower limits. However, as noted below, a rather enigmatic situation exists for this source. 

Though the above calculations indicate a possible underabundance of S in in G 12.8 - 0.2, measurements of the same 
area with a X7 beam gave a much larger fS ml flux than was found with the 28’ beam reported here. McCarthy (1980) 
reporu 13 i 2 x 10" W cm"* for the [S mj 18.7 /an flux. This is about 16 times larger than the 28' measurements. 
However, radio observations of this region indicate that most of the radio flux in a 2!7 beam (Schraml and Mezger 1969; 
Altenhoffeto/. 1978)which we estimate at about 25 Jy at 10GHz,originates from the 20' diameter compact H n region 
(Felli, Tofani. and D’Addario 1974; Goss, Matthews, and Winnberg 1978). Since the radio emission should be a good 
tracer for the ionized gas in this region, it is not clear where the large S m flux observed in the 2!7 beam is coming from. 
This property is similar to that found for W51, where the S m fluxes from the compact components IRSl and IRS2 
(Forrest 1980) provide only a small fraction of the flux seen in a 2!7 beam (McCarthy, Forrest, and Houck 1979), even 
though the r^io maps indicate that they dominate the thermal emission from that region. 

The possibility that the small aperture observations somehow missed the compact H ii region has been considered but 
does not seem likely. The position in the sky which was observed was determine by first offsetting from a nearby guide 
sur to the nominal position of the H n region (Goss, Matthews, and Winnberg 1978) and then peaking up in the 
continuum around 19 /xm. The final position gave a continuum 20 /im flux of about 2.8 x 10" '* W cm" * /xm" ' which, 
considering the beam sizes, is consistent with the flux of 2 x 10" '* W cm" * /xm" ‘ found by Dyck and Simon (1977) for 
their brightest component in this region (1RS3). In the process of peaking up, data on the strength of the 18.71 /xm line in 
the immediate vicinity of the compact H n region were gathered. Though the peak up signal-to-noise ratio was not large 
{S/N ■» 2/ 1 ), within ± 1 5' of the final peak the line flux was not significantly larger than at the final position . We conclude 
that we were pointed at the compaa H n region. 

The question of what is responsible for the relatively large [S tn] line flux observed in the larger beam is an intriguing 
one. Because of the difficulty of separating a low surface brightness radio component from the very bright compact 
component with the data currently available, it is possible that the region viewed in the large beam had some thermal 
radio emission in addition to the 25 Jy from the compact component. The amount could not be large compared to the 
emission from the compact H n region. If we estimate an upper limit to its radio emission as ^ 10 Jy, then we estimate a 
S ni abundance relative to standard sulfur abundance of ^0.6 x [exp (T|(. 7 )], where Th .7 is the extinction to the 
region. Thus even with no extinction assumed, the abundance ofS in in the extended component appears to be at least a factor 
of 2 higher than in the compact H D region and is comparable to the standard abundance. The source of this disparity is not 
understood at present. Some possible explanations are: (1) severe clumping in the compact H n region suppressing the 
S m flux; (2) a much larger optical depth to the compact H o region than has been assumed here— if the extinction is 
patchy across our beam size, we seriously underestimate t «.7 by all the methods used, (3) an actual difference in the 
gaseous sulfur abundances between the compact H n region and the diffuse H ii region. There is some controversy on 
the relative distances to the different components and we may be sampling two separated regions (Goss, Matthews, and 
Winnberg 1978). The [S iv] and Brackett measurements rule out substantially higher or lower excitation. We plan spatial 
observations of the complex in the Bra and [Ne o] lines and abjacent continua to attempt to resolve the disparity. 

IV. CONCLUSIONS 

We have gathered infrared line fluxes for [Ar n] (6.99 /xm), [Ar tn] (8.99 /xm), [Ne n] (12.81 /xm), [S ni] (18.71 /xm),and 
[S iv] (10.51 /xm) in six compact H n regions well distribute in distance from the galactic center. Extinction to these 
regions was estimated by a variety of methods in order to arrive at a realistic value of the correction factor to apply to 
these measured line fluxes. The Ne, Ar, and S abundance for these regions are calculated by combining these data with 
radio data on the same objects; quoted errors in the calculated abundances include uncertainties in estimating the 
extinction. The two H n regions sampled close to the galactic center (G29.9-0.0 and G12.8— 02) give quite different 
results. G29.9-0.0 appears to be overabundant in Ne, Ar, and S, while G12.8— 0.2 appears to be roughly standard or 
underabundant in these elements. We believe that errors in the extinction have been carefully taken into consideration, 
and that this is not the cause of the abundance diffe; mce. However, it is possible that the radio fluxes used in these 
calculations do not exactly correspond to the radio flux contained in the infrared beam size. We are attempting to 
overcome this possible source of error through an extensive series of measurements on the VLA. Other regions with 
possible overabundance include G75.84 + 0.4 (in S) and W3 (in Ar ), both at ^ 10 kpc from the galactic center. Our limited 
data suggests region to region abundance vanations. Abundance gradients determined optically (Peimbert, Torres- 
PeimberL and Rayo 1978 and references therein) often show scatter of the same order of magnitude as the derived 
abundance gradients. Because of the small number of regions sampled and the uncertainties in interpreting the infrared 
line data (such as importance of clumping, neglect of other stages of ionization, and nature of the extinction law), we do 
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not propose to attempt an estimate of the alleged gradient. However, it is important to obuin more measurements of the 
type outlined here in greater detail (e.g., better spatial coverage and similar beam sizes) so that total abundances can be 
reliably estimated We require a sufficiently large sample of such observations to assess statistically the abundance 
pattern in our Galaxy. The present results seem to indicate that the abundances of Ar, S, and Ne vary substantially from 
H II region to H n region, whatever the underlying reason. 
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4-8 MICRON SPECTROPHOTOMETRY OF OH 0739-14 

B. T. Soifer', S. P. WillnerS R. W. Capps’, and R. J. Rudy* 

Recttved J98J April 2,' accipied 1981 May 19 

ABSTRACT 

Spcctrophotometiy of the dust-embedded late-type star OH 0739— 14 shows an absorption feature 
at 6.0 ^m characteristic of 'ljU ice at temperatures significantly lower than 130 K, confirming the 
identification of HjO ice in the drcumstellar shell in this source. The differences in the infrared 
spectra of OH 0739—14 and embedded molecular cloud sources are attributed to the different cloud 
lifetimes and temperature regimes in which the molecules are formed. A lower limit to the mass loss 
rate of 10 Mo/yr ~ ' is derived, based on the column density of ice and the size and the expansion 
velocity of the drcumstellar cloud. 

Subject headings; infrared; sources — infrared; spectra — masers — stars; individual 


I. INTRODUCTION 

The star OH 0739—14 (OH 231.8+4.2) is one of the 
most intriguing OH maser/infrared sources known. Two 
recent works at infrared (Allen et al. 1980) and radio 
wavelengths (Morris and Bowers 1980) have sum- 
marized the known properties of OH 0739—14. Briefly, 
the properies of this source are an unusual OH spec- 
trum with strong 1667 and absent 1663 MHz lines, OH 
emission over a very broad velodty width, weak HjO 
maser emission, no detected thermal emission from 
abundant gaseous spedes such as CO, spatiaDy extended 
infrared emission at 2.2 and 3.8 iim, high ("-ioft) linear 
polarization at 2.2 pm, an infrared spectrum showing 
absorption by both H 2 O ice at 3.1 pm and silicates at 10 
^m, and large amplitude infrared variability. The in- 
frared spectrum is unusual in that the shapes of the ice 
and silicate features are different from those of sources 
associated with molecular clouds (Gillett and Soifer 
1976, hereafter GS). Several authors have interpreted 
these observations as evidence of a late-type, oxygen-rich 
star undergoing significant mass loss. In this paper, we 
report spectrophotometric observations in the wave- 
length range trom 4 to 8 pm of OH 0739—14 that 
eluddate the chemistry of the drcumstellar dust shell 
and have significant implications for understanding the 
composition of interstellar solids in a wide variety of 
environments. 

n. OBSERVAnONS 

The observations reported here are spectrophotomet- 
ric observations of OH 0739—14 with spectral resolution 
AX/X« 0.03. The observations were obtained with a 

'Division of Physics, Mathematics, and Astronomy, CaUfornia 
Institute of Technology. 

^Center for Astrophysics and Space Science, University of 
California, San Diego. 

’institute for Asuonomy, University of Hawaii. 


27" aperture on flights of the Kuiper Airborne Observa- 
tory on 1979 December 3 and 7 (UT)- The instru- 
ment and observing procedures have been described 
previously by Puetter eial. (1979). Observations were 
obtained at a wavelength spacing of ~0.08 pm, corre- 
sponding roughly to a full spectral resolution element of 
the circular variable filter. In addition to the narrow- 
band spectrophotometry, broad-band observations were 
obtain^ at 3.3, 4.9, 6.3, and 8.4 ^m to allow compari- 
son with ground-based observations. The spectrum ob- 
tained from 4 to 8 ^m is shown in Figure 1, along with 
spectra of OH 0739—14 from 2 to 4 ^m and 8 to 13 pm 
obtained within a period of 1 i months of the airborne 
observations. 

lU. DISCUSSION 

a) Identification of Spectral Features 

We interpret the spectrum shown in Figure 1 as a 
combination of photospheric emission both directly ob- 
served from a late-type star and scattered in the dr- 
cumstellar shell (Kobayashi etoL 1978) and thermal 
emission from a dust shell surrounding the central star 
(GS; Allen etoL 1980). The strong HjO absorption 
below 2.16 pm and CO absorption from 2.2 to 2.3 pm 
indicate that, for wavelengths less than 2.3 pm, the flux 
is dominated by photospheric emission. Beyond 3 pm, 
the spectrum is dominated by thermal dust radiation, 
with prominent absorptions at 3.1 tmd 10 ;im as 
previously noted by GS. Between 4 and 8 itm, the 
spectrum rises slightly, with a significant absorption 
centered near 3.9 pm. Within the statistical uncertain- 
ties, the shape and central wavelength of the absorption 
feature (derived by assuming the underlying continuum 
is a smooth interpolation between the flux observed at 
3 and i pm) is indistinguishable from absorptions near 
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Flo. I.— The spectnun of OH 0739-14 froa 2 to 13 ftm. The dau from 2 to 4 were obtained at the Mount Lemmon Observatory 
with a 17" aperture on 1979 November I (UT) and 1980 January 24 (UT). The observations from 8 to 13 itm were obtained with an 8t'S 
aperture on 1979 November 4 (UT). The data from 4 to 8 pm were obtained with a 27" aperture on fli|btt of the KAO on 1979 December 3 
and 7 (UT). The open circles indicate broad-band photometric data. Because the source is variable, the overall continuum levels have all been 
adjusted to agree with those measured from the l0\O. 
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6.0 pm seen in sources viewed through molecular clouds 
(Puetter etaL 1979; Soifer etaL 1979). This absorption 
will subsequently be referred to as “the 6.0 pm absorp- 
tion. ^ There is also an apparent dip near 5.36 pm; if it is 
real, this dip has no envious identificatioa However, 
because the existence of the feature is based on a single 
data point obtained on one flight, we cannot be assured 
of its reality and wiU not discuss it further. 

Because H 2 O ice is most likely present in the dr- 
cumstellar sheQ of OH 0739—14, an idendCcation of the 

6.0 pm absorption with this material is plausible. Previ- 
ously published infrared spectra of solids have shown 
that HjO ice has an absorption at about 6.0 pm (e.g., 
Bertie, Labb6, and Whalley 1969). This band is poten- 
tially an excellent candidate for an identification of the 

6.0 pm absotpdoa Bertie, Labbb, and Whalley End the 

6.0 pm ice band extends from 5.7 to 7.1 pm at half 
strength, substantially broader than the width of 5.7 to 
6.3 pm observed in OH 0739—14. Recently, however, 
laboratory experiments that more closely simulate the 
interstellar environment (Hagen, Allamandola, and 
Greenberg 1980) have shown that the width of the ice 
band is strongly dependent on the temperature. They 
find that, at — 10 K, this absorption band is significantly 
narrower than that reported by Bertie, Labb6, and 
Whalley. Hagen, Tielens, and Greenberg (1981) have 
observed a 6 pm absorption in the spectrum of HjO ice 
formed at 10 K that is remarkably similar to that 
observed in OH 0739—14. The laboratory sample shows 
a sharp increase in absorbance at 5.8 pm, a peak ab- 
sorbance at 6.0 pm, and a gradual decrease in the 
absorbance to longer wavelengths. This is quite similar 
to that seen in OH 0739—14 in Figure 1. 


Given the observed size (Allen etaL 1980) and total 
flux of OH 0739—14 (Kleinmaim etaL 1978), there 
should be dust present at temperatures of 50 K. If, as 
seems likely, the ice is in the form of mantles on this 
cold dust, this temperature is suffidently low to ensure 
narrow absorption in the 6.0 pm ice feature. Thus, we 
conclude that the 6.0 pm absorption is due to H 2 O ice 
which is probably in the form of mantles on the dust 
grains surrounding the central star in OH 0739—14. This 
identification is consistent with the previous identifica- 
tion of pure H 2 O ice mantles in the absorbing dust 
surrounding OH 0739—14 that was based on the 
observed profile of the 3.08 pm absorption (GS). 

Considering the 3.1 pm and 6.0 pm featiues and the 
presence of H 2 O maser emission, the identification of 
H 2 O ice must be regarded as strong. The question then 
must be raised as to what other ice absorption features 
might be expected to be present It is known that H 2 O 
ice shows another absorption at -'11.5 pm (Bertie, 
Labb6, and Whalley 1%9); however, the work of Hagen, 
Allamandola, and Greenberg (1980) shows that this 
feature is characteristic of pure H 2 O ice and need not be 
present in mixtures of ices. The 8-13 pm spectrum of 
OH 0739— 14 shows evidence for such a feature, as can 
be seen in Figure 2. The solid and dashed lines show the 
best fi: to the observed spectrum (from GS) using the 
silicate absorption profile found to be common in mod- 
eling many ^actic sources. The solid line beyond 10 
pm shows the effect of adding to the calculated profile 
ice absorption with a central optical depth of 0.55 using 
the Bertie, Labbe, and Whalley optical constants for 
H 2 O ice at 100 K. The qualitative agreement between 
the latter profile and the observations is excellent The 
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Fig 2 — The 1-13 /tat ipectniin of OH 0739-14 Croin GS 
nttcd with two diffemt oodeb. The tohd ud d«tbed lion 
indicate the beat fit of the dau to a model where a central 
blackbodv tource if viewed throu^ cold alicaie iraiiif. Tbe aolid 
line beyond 10 |im adds to this model abtorption by H]0 ice with 
a maxununi optical depth of 0.SS at 1 1.5 pm. 

discivpancy is that tbe wing of the observed absorption 
does not extend to wavelengths as long as expect^. A 
similar discrepancy between the observed 6 ftm feature 
and that predicted by the 100 K ice optical constants 
has been noted above. While additional absorption due 
to ice is not the only possible interpretation of tbe 
breadth of the 10 /im absorption, (e.g., GS), it is sup- 
ported by the identification of the absoiptiuns at 3.08 
fim and 6.0 pm as due to HjO ice. If these identifica- 
tions are made, then tbe total band strengths of tbe 
three ice absorptions, proportional to the equivalent 
widths of the features, are in the ratio 1:0.16:0.16 for the 
3.08 /im: 6.0 pm: 11.3 pm bands. This compares to 
1:0.05:0.13 for the equivalent widths of these bands 
measured by Bertie, Li^b6, and WhaDey for H^O ice Ih 
at 100 K and 1:0.03:0.09 for odd amorpborous ice 
(Leger eta/. 1979; Hagen, Tielens, and Greenberg 1981). 
Considering the widely different conditions under which 
tbe ices were found, the agreement between the observed 
and laboratory band strengths is satisfactory. 

6) Impiicatiofu jor the Chemistry of the 
Circumstel/ar Environment 

Many other highly obscured infrared sources have 
been observed in the 2-13 pm wavelength region and 
show significant qualitative differences with tbe spectra 
of OH 0739—14. The most interesting comparison comes 
between the spectra of OH 0739—14 and those sources 
viewed throu^ molecular cloud material. In Figure 3, 
we have plotted the absorption in the 3-8 pm wave- 
length range of such a source, W33A (Capps, Gillett, 
and Knacke 1978; Soifer etal. 1979), in addition to that 
of OH 0739—14 over the same wavelength range. The 


absorptions are normalized to agree roughly at 6.0 pm 
Both the similarities and differeiKes between tbe spectra 
are striking. Tbe shapes of the absorptions at -6.0 pm 
in tbe two sources are so similar as to be indistinguish- 
able to within the experimental erron. Soifer et ai. sug- 
gested that tbe cause of tbe band at 6.0 pm in W33A 
was absorption by tbe carbonyl (C«0) group in com- 
plex organic mole^es. However, the similarity between 
the bands in OH 0379—14 and W33A strongly argues 
that tbe same material must be responsible in both 
sources. The identification of ice in OH 0739-14 is 
strong, and thus H]0 probably produces tbe 6.0 pm 
absorption in molecular cloud sources, as suggested by 
Hagen, ADamandola, and Greenberg (1980). 

Tbe strengths of the absorptions at 3.08 pm in W33A 
and OH 0739-14 are quite similar, relative to tbe 6.0 
pm absorption This similarity is perhaps surprisingly 
good, considering that tbe strength of tbe 3 pm ice band 
is strongly dependent on tbe nature of the solid in which 
the HjO is embedded (Allamandola, private communi- 
cation), while the 6.0 pm band is much less sensitive to 
this effect. It thus appears likely that, in tbe molecular 
cloud sources, tbe resorption near 3.08 pm is pre- 
dominately due to HjO ice. 


X (^m) 



Fio. 3.— The effective transmituiice from 3 to 8 |tm of tbe 
absorbing material observed in OH 0739-14 and W33A Tbe 
dasbed line is W33A while tbe solid line is OH 0739—14. Tbe 
transmittance of each spectrum has been normalized to agree at 6.0 
pm to that observed in W33A. From 4 to 5 pm. tbe transmittance 
in OH 0739-14 is consistent with log T-O. From 5.S to 6.S pm. 
tbe profiles of tbe absorpuon in tbe two objects are indistinguiisba- 
ble. 
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There are spectral re(ioas that show absorption in 
W33A without counterparts in OH 0739—14. Two ot 
these are the loos wavelength wing of the 3 absorp- 
tion and the strong absorption centered at 6.S ftm- T^ 
observations at 4.6 ftm, where a strong absorption is 
seen in the W33A spectrum, are inconclusive as to 
whether a similar feature is present in OH 0739- 14. 

Capps, Gillett, and Knacke (1978) recognized that the 
absorption at 3.1 fica in W33A was incompatible with 
pure HjO ice absorption and suggested that the C-H 
stretch band in organic molecules could provide the long 
wavelength wing to this band. Scifer eiai (1979) identi- 
fied the 6.8 fia band with scissors vibrations in methyl 
(CHj) or methylene (CHj) groups. The column densi- 
ties inferred for these bands from the absorption 
strengths probably require that these molecules be in the 
solid state. Le., associated with the grains, in the form of 
complex mantles on core grains. The work of Hagen, 
AUamandola. and Greenberg (1980) has shown that 
cosmic mixtures of pbotolyzed ices produce both the 
3.3-3.5 and 6.8 (im bands with roughly the correct 
relative strengths. 

The 10 Min absorption in molecular cloud sources has 
been explained quite successfully as absorption by pure 
silicates (e.g., Gillett etai 1975; Capps, Gillett, and 
Knacke 1978) without any contribution from ice absorp- 
tion at 1 1.5 Mm. The explanation for this might be found 
in the work of Hagen. AUamandola, and Greenberg 
1980, who found that, in ice mixtures expected in molec- 
ular clouds, the 1 1.5 Mm absorption feature need not be 
present 

The lack of molecular groups having CH bands in 
OH 0739—14 is consistent with our understanding of 
this object as ?n evolved oxygen-rich star ejecting its 
own envelope. The oxygen-rich chemistry has proceeded 
to thermal equilibrium in the photosphere (Tsuji 1964), 
leaving carbon entirely tied up in CO and unable to 
react in the dreumsteUar environment on the time scale 
of the outfI(}w of the envelope (— 10’ yr). On the other 
hand, the molecular cloud environment is a much more 
long-lived enviroruneoi, where statistical reactions wiU 
eventuaUy produce substantial quantities of organic 
molecules, even in the oxygen-rich environment ex- 
pected there (e.g, AUen and Robinson 1977). 


c) 77ie Mass q^ tAe Circumstellar Shell 

The observed strength of the ice absorption can be 
used to estimate the mass ot the dreumsteUar sheU. If 
we assume the mass opacity coeffident of the 3.08 Mm 
ice feature is -10* cm’ gm~' (Bertie, Labb6, and 
WhaUey 1969; Hagen, Tielens, and Greenberg 1981), the 
column density of water molecules in the line of sij^t to 
the central source is 7X 10" cm"’. Further, if we as- 
sume the radius of the shell is -2X 10*’ cm, a linear 
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radius at 3 kpc corresponding to the observed angular 
radius at 3.8 Mm (Allen etaL 1980), a density distribu- 
tion par"* (corresponding to a constant mass Iom rate), 
and an inner radius corresponding to the temperature at 
which ice rapidly sublimates (— 120 K), then the density 
of water molecules at 2XI0” cm is —2 cm~’. If we 
assume a spherical mass distribution (not necessarily a 
good assumption, see Morris and Bowers 1980), a ratio 
of O to H of 6 X 10 ~* by number (Allen 1973), and that 
all the oxygen in the drctunstellar sbeD is in the form of 
HjO ice, then the mass of the shell is —0.2 Mq. A 
Donspherical mass distribution or an oxygen abundance 
greater than cosmic would likely decrease this mass, 
while a significant fraction of oxygen not in ice would 
increase the dreumsteUar mass. In this context, it is 
worth no'ing that the strength of the 10 Mm absorption 
(GS) suggests that roughly equal masses of oxygen are in 
HjO ice and silicate grains. Taking 0.1 as a mini- 
mum mass in the dreumsteUar sheU, then a minimum 
mass loss rate for OH 0739—14 is 10"* Mq yr"', if, as 
suggested by the velodty width of the OH line (Morris 
and Bowers), the lifetime of the sheU is — lO’ yr. This 
mass loss rate is consistent with the upper end of the 
range of mass loss quoted for OH infrared stars by 
Zuckerman (1980). 


IV. CONCLUSIONS 

Infrared spectroscopy from 4 to 8 Mm of the source 
OH 0739—14 reveals a moderately strong absorption 
centered at 6.0 Mm and an otherwise flat continuum. 
This feature is identified with a corresponding absorp- 
tion in H 2 O ice. Other ice absorptions are observed at 
3.08 pm and probably 11.5 Mm. The mass inferred for 
the dreumsteUar sheU ot OH 0739—14 requires a mass 
loss rate S 10 "* A/q yr " 

Based on a comparison of the spectra of OH 0739— 14 
and infrared sources viewed through molecular clouds, 
we cotKlude that the 3.08 Mm and 6.0 Mm features seen 
in molecular douds are probably due to H 2 O ice, whUe 
the 3.4 Mm and 6.8 Mm features observed in molecular 
cloud sources are due to constituents not present in 
OH 0739—14. The most plausible constituents responsi- 
ble for the 3.4 pm and 6.8 Mm features are C-H bonds. 
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the airborne observations reported here. We thank F. 
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to make the airborne observations. We also thank F. 
Williamson and B. Jones for assistance in obtaining the 
observations at Mount Lemmon. B. T. S. would like to 
thank Mark AUen for helpful discussions. This research 
was supported by grants from NASA and the NSF. 
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ABSTRACT 

Nearly complete 2 to 13 |<m spectra are presented for 13 compact infrared sources associated with 
molecular clouds, as well as partial spectra of six additional objects. The spectra resemble blackbodies 
with superposed absorption features from 2.8 to 3.S yim, at 6.0 and 6.8 /im. and in the silicate band 
centered near 9.7 inn. Correlations among the features are studied in an attempt to confirm possible 
identifications A good correlation between the deepest part of the absorption at 3.1 uni, its long 
wavelength wing, and the 6.0 lan features suggests that all may be due to large amorphous water ice 
particles The relatively poor correlation between the 3.4 and 6.8 nm optical depths adds no evidence to 
support the suggestion that these bands may be due to CH bonds. 

Subject headings: infrared: spectra — interstellar: matter — molecular processes — 


stars: pre-main-sequence 
1. INTRODUCTION 

From the time of its discovery the Becklin-Neugebauer 
infrared source (BN object) was thought to represent a 
very early stage of stellar evolution (B^klin and Neuge- 
bauer 1968). It is now apparent that the BN object is one 
example of a large class of objects sharing similar proper* 
ties, and the members of this class are often referred to as 
“ protostars.” These may be defined observationally as 
infrared sources, having roughly blackbody energy dis- 
tributions from 2 to uni with color temperatures of 400 

to 600 K, having litti? or no thermal radio emission, and 
not known to have angular sizes large enough to indicate 
that the emission is op tically thin. These sources are 
distinct from “compact H n regions," which have 
broader infrared energy distributions, generally have 
larger angular diameters and thus small emission optical 
depth', and considerable thermal radio emission from 
ionized gas. Both types of sources are associated with 
molecular clouds (Wynn-Williams and Becklin 1974; 
Wynn-Williams 1977; Willner 1977; Puetter et al. 1979). 
Werner, Becklin, and Neugebauer (1977) have reviewed 
the properties and probable evolutionary status of both 
* types of objects. The distinction between the two classes 

is, however, probably sharper than those authors in* 
' dicated, and if protostars as defined above indeed evolve 

> into compact H n regions, a relatively short period of 
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time must be required for the transition from protosur to 
compact H n region. 

The first low resolution [30 < (a/ A/.) < 150] spectra of 
protostars (see references in Table 1 ) found broad absorp- 
tion features near 3.1 and 9.7 gm. The latter is identified as 
due to relatively cold silicate particles (Woolf and Ney 
1969; Gillett and Forrest 1973), and its shape closely 
matches that of dust particles seen in emission in the 
Orion Trapezium and around cool oxygen-rich stars. The 
3.1 gm feature has usually been attributed to amorphous 
water ice particles (e.g., Gillett and Forrest 1973) on 
the basis of its central wavelength and shape (Leger el at. 
1919), the lack of other sufficiently abundant candidates, 
and the occurrence of other absorption features consist- 
ent with water ice in an oxygen-rich sur undergoing rapid 
mass loss (Soifer et al. 1981). Ammonia ice may ailso 
contribute to the short wavelength side of the 3.1 gm 
absorption (Merrill Russell and Soifer 1976) but is not 
necessarily required (Leger et al. 1979). In the protostar 
spectra, there is also significant absorption between 3.3 
and 3.5 gm (Merrill Russell and ^ifer 1976). This 
attenuation cannot be due to absorption by pure water 
ice. but it may be due to scattering if the particles are 
unexpectedly large ( ^ 1 /tm) and thus scatter efficiently. 
Another candidate for the 3J to 3.5 gm absorber is a 
molecule containing CH bonds (e.g., Hagen, Alleman- 
dola. and Greenberg 1980). 

Spectra of two compact H n regions (Puetter er al. 
1979) and two protostars (BN object— Russell Soifer and 
Puetter 1977, and W33 A— Soifer et al. 1979) from 4 to 8 
gm have shown additional broad absorption features al 
6.0 and 6.8 gm. While the identification is uncei tain, these 
features have been attributed to solid state hydrocarbon 
molecules. Absorption near 4 6 gm has also b«n seen and 
is attributed to the CO fundamental (e g., Hall et al. 1978 ; 
Soifer et al. 1979). 

This paper reports new low resolution 4.5 to 8 gm 
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spectra of 1 1 protostars; new spectra of seven protostars 
from 2 to 4 /im and ten from 8 to 13 Mtn also reported. 
Together with previously published spectra, the data 
provide essentially complete 2 to 13 /im spectra for 13 
protostars and partial spectra for six more. In this paper, 
the data are e\amined for possible correlations among 
the strengths of the various spectral features, and possible 
identifications of the features are discussed. The proper* 
ties and nature of individual sources will be discussed in a 
later paper. 

D. OBSERVATIONS 

All of the observations reported here were made with 
spectrometers using circular variable filters as the 
wavelength selective element. The spectral resolution 
(A/Ax)is about 60, and the beam sizes are shown in Table 
1. The 2 to 4 >mi and 8 to 13 ^m portions of the spectra 
were obtained using the UCSD-U.Minn. 1.5 m telescope 
at Mount Lemmon or the 1.3 or 2.1 m telescopes at 
KPNO The 4.5 to 8 /im spectra were obtained using the 
Kuiper Airborne Observatory. Most of the sources are 
known to be considerably smaller than the beam sizes 
used, and most are isolated from other objects bnght 
enough to contribute to the observed fluxes. The excep- 
tions to this are the BN object (see Downes et ai 1981) 
and NGC 7538 TRS 1, for which IRS 2 and IRS 3 may 
contribute most of the flux in the deepest part of the 3.1 
pm absorption and at 1.65 pm (see Wynn- Williams. 
Becklin, and Neugebauer 1974). 

Table 1 gives the dates on which the spectra reported 
here were obtained; in addition, references to previously 
published spectra are given. Table 1 also lists the spectral 
range covered, the beam size, references to published 
spectra, and the observers for the new spectra. Observa- 
tions of single spectral features, e.g., Brackett x, are not 
included in Table 1. We believe that Table 1 isacomplete 
list of objects classified as protostars for which continuum 
spectra between 2 and 13 pm exist in the literature. 

Figure 1 presents the new observations. In a few cases, 
the overall levels of the spectra were adjusted based on 
broad-band observations made along with the spectra 
and on the overlap of spectra near 8 pm. The normaliza- 
tion factors applied appear in the last column of Table 1, 
along with any notes concerning the figures. This column 
also serves to indicate which data are included in Figure 
1 ; whenever possible we have presented new data, even if 
data in the literature are of equal or superior quality. In 
all cases, the new data agree well with previous data. 
Where Table 1 indicates that several spectra covering the 
same range are included in Figure 1, the various spectra 
have been combined with points at the same wavelengths 
being averaged according to their respective statistical 
uncertainties. 

ni. ABSORPTION FEATURES 
a) Shapes 

The silicate feature appears to have the same shape in 
all objects. Such differences as exist can be attributed to 
different optical depths and different underlying dust 


temperatures, although different emissivity spectra 
cannot be ruled out. In particular, there is no apparent 
change in the shape of the silicate feature with varying 3.1 
pm optical depths, even though ice has an absorption 
feature near 12 pm (Bertie et al. 1969). The spectra of 
AFGL 2591 and NGC 7538, IRS 9, for example, have 
nearly identical silicate shapes in spite of very different 3.1 
pm optical depths. The similarity of silicate shapes for 
these two objects implies that any 12 pm ice absorption 
hasapeak optical depth no more than 1/15 as large as that 
of the 3.08 pm feature, whereas the laboratory ratio is 
nearer 1,^8. The 12 pm feature is due to a librational mode 
rather than a fundamental mode of the water molecule, 
and its absence does not necessarily imply that ice is 
absent. Hagen, Allamandola, and Greenberg (1980), for 
example, have shown that a laboratory mixture of HjO, 
CH 4 , NH], and CO ices may have strong 3.1 pm 
absorption due to water ice but no detectable absorption 
near 12 pm. 

The detailed shape of the 3.08 pm feature is harder to 
define because the continuum slopes show more disper- 
sion. A normalized profile of the observed 3.08 pm feature 
was given by Merrill and Stein (1976u). In general the 
shape of the feature agrees well with that expected for 
HjO ice (Cohen 1976), but there is certainly considerable 
absorption beyond 3.3 pm, where water ice is transparent 
provided the particle sizes are smaller than about 1 pm 
(Mukai, Mukai, and Noguchi 1978). Figure 1 appears to 
show some differences in the short wavelength sides of the 
3.1 pm minimum, but except for S255/IRS 1, the differ- 
ences are due to different wavelength coverage. In that 
one objecl the wavelength coverage extends to as short a 
wavelength as for any source, yet the flux density still 
appears to be considerably below the interpolated contin- 
uum level. Definite statements about the shape of the 
short wavelength wing are, however, impossible because 
of the large telluric absorption at those wavelengths. 

The long wavelength wing is not present in all objects 
that show 3. 1 pm absorption. For example, OH 0739-14 
(Gillett and Soifer 1976), a dust-enshrouded late-type 
variable star, shows strong absorption at 3.1 pm. but the 
flux density is nearly back to the continuum level by 3.3 
pm. This star also shows considerable 6.0 pm and silicate 
absorption, but it shows no absorption at 6.8 pm (Soifer 
et al. 1981). One possibility (Soifer et al. 198 1 ) is that the 
3.3-3.5 pm wing and the 6.8 pm absorption are due to a 
constituent of the dust shell other than water ice and this 
constituent is absent in OH 0739-14 but present in the 
protostars. Hydrocarbon molecules are the leading can- 
didate for such a constituent. A second possibility is that 
the ice forms larger particles around protostars than 
around OH 0739 - 14, and the 3.3-3.5 pm wing is due to 
scattering from the large particles. This hypothesis would 
not suggest any identification for the 6.8 pm feature, and 
its absence in OH 0739— 14 would be coincidental. 

One piece of evidence that e may be two constitu- 
ents contributing to the 2.8-3.5 pm absorption is the 
existence of a small inflection in many spectra at a 
wavelength of 3.30 pm. The inflection appears at the same 
wavelengths in all objects where it is seen to within the 


TABLE 1 

Observing Loo and References 


Observing Log 
and Refecencss 

Spectral 

Range 

(microns) 

Beam 

Size 

(arcsec) 

Date 

(OT) 

Ref .« 

and 

Tel.*> 

Observers 

Norm. 

Factor 

W 3 /IRS 5 

2.0- 2.5 

11 

80/ 9/23 

C 

TLB 

1.0 D 


2.9- 4.1 

18 

77/ 3/ 2 

B 

JK 

1.0 D 


2.9- 4.2 

11 

77/ 2/ 7 

bB 


1.0 H 


3.2- 4.0 

11 

80/ 9/23 

c 

TLB 

1.0 B 


4.4- 5.0 

27 

79/12/11 


RJR,BTS,SPH 

1.0 


4.4- 7.9 

27 

79/12/ 5 


RJR,BTS,SPH 

1.0 


7.6-13.2 

7.5 

79/11/ 1 

c 

FCG 



7.7-13.3 

11 

75/11/16 

c 

FCG 

1.06 


7.7-13.5 

7.5 

75/ 1/22-26 

n 




7.8-13.4 

11 

76/11/ 2 

c 

FCG 

1.0 


8.0-13.2 

9 

72/11/29 

8 



AFGL 490 (UOA 1) 

2.0- 2.4 

7 

78/ 8/10,12 

a 




2.1- 4.0 

22 

74/10/25,11/26 

41A 




7.7-13.3 

11 

75/11/14 

C 

FCG 



8.0-13.3 

22 

73/11/22,24,74/11/27,29 

61A 



BN 

0.8- 2.7 

7.3 

75/10/23,76/ 1/15,16 

b 




1.5- 5.0 

2.8 

70 

c 




2.0- 2.4 

<-5 

70-71 (?) 

o 




2.0- 2.5 

3.8 

77/11/ 8,79/ 2/7,10 

q 




2.1- 4.0 

17 

74/10/25,12/6,12 

gl(A 


0.79 H 


2.8- 4.0 

3.4 

79/10 

t 




2.8- 5.1 

11 

72/ 3/10 

£A 




2.8- 5.1 

22 

72/ 3/15 

£A 




2.9- 4.2 

14 

79/10/30 

sC 




3.1- 5.0 

11 

78/ 2/21’-23 

y 




3.3- 5.5 

11 

76/12/14,15 

y 




4.4- 8.0 

30 

75/10 

e 


0.71 H 


7.5-13.5 

11 

72/ 1/11,13 

fA 




7.5-13.5 

22 

72/ 3/ 8,9 

£A 




7.7-13.3 

7.5 

76/11/11-13 

C 

FCG 

1.0 


8.0-13.3 

3.4 

77/ 8 

t 



Orion IRc2 

2.8- 4.0 

3.4 

79/10 

t 




8.0-13.3 

3.4 

77/ 8 

t 



Orion IRc4 

8.0-13.3 

3.4 

77/ 8,78/ 7 

t 




8.2- 9.3 

3.4 

79/12 

t 



OMC-2 /IRS 3 

1.9- 4.2 

11 

78/11/ 9 

sB 




1.9- 4.2 

11 

79/ 3/ 8 

sB 




2.1- 4.0 

17 

75/11/24,25 

A 

RNR,BTS 

1.0 


8.0-13.3 

17 

76/12/13 

A 

RWR,BTS,SPW 

1.0 

HOC 2170 /IRS 3 

1.9- 4.2 

11 

78/11/ 9 

sB 




2.0- 2.5 

7 

77/10/27 

z 
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Observing Log 
and References 

Spectral 

Range 

(nlcrons) 

Bean 

Size 

(arcsec) 

Date 

iUTI 

Ref.* 

and 

Tel.® 

Observers 

Norn. 
Pact or ' 


2.1- 4.0 

17 

80/ 1/24 

A 

BJ,SPH 

1.0 


4.4- 7.9 

27 

79/12/11 


LH,JLP,RJR,SPH 

1.0 P 


7.9-13.3 

7.5 

76/ 1/12 

C 

PCG 



7.9-13.3 

5 

76/10/31 

C 

PCG 



7.9-13.3 

7.5 

77/10/24 

C 

PCG 



8.0-13.4 

11 

76-77 

C 

JLP 

1.0 

S 255 /IRS 1 

1.9- 4.2 

11 

79/ 3/12,13 

SB 




2.1- 3.7 

17 

79/11/ 2 

A 

POW,SPW 

1.0 


2.8- 4.0 

17 

74/11 

PB 




2.8- 4.0 

17 

77/ 3/18,19 

A 

BJ,SPW 

1.0 


2.9- 4.2 

11 

79/ 4/ 6 

SB 




4.4- 7.9 

27 

78/ 2/ 3 


RCP,RHR,BTS,SPW 

0.85 


4.4- 4.7 

27 

79/12/11 


LB,JLP,RJR,SPW 

1.0 


8.0-13.1 

8.5 

74/11 

pA 




8.0-13.3 

8.5 

77/ 3/16 

A 

BJ,SPM 

1.15 G 


8.1-13.4 

11 

77/10/26 

C 

PCG 


APGL 961 

2.1- 2.5 

17 

75/ 4/24,26 

rA 


1.0 


2.8- 4.0 

17 

75/ 4/24,26 

rA 





11 

79/ 3/12 

SB 




2.8- 4.0 

17 

80/ 1/26 

A 

BJ,SPW 

1.0 


4.5- 7.4 

27 

79/12/ 7 


RJR,BTS,SPH 

1.0 


4.5- 7.9 

27 

79/12/12 


RJR,BTS,SPN 

1.0 


7.6-13.3 

10 

77/10/25 

C 

PCG 

1.0 


8.5-13.1 

11 

80/ 9/22 

C 

TLH 


APGL 9B9 (DAA 6) 

1.9- 4.2 


78/10/17 

C 

PCG 



1.9- 4.2 

11 

79/ 3/13 

sB 




2.0- 2.5 

7 

777 

w 




2.1- 4.0 

22 

74/12/6,12,75/1/5 

lA 




2.9- 4.1 

22 

73/10/24,25 

A 

KHH 



4.4- 7.9 

27 

76/11/ 5 


RCP,RMR,BTS,SPW 

1.10 


7.8-13.4 

11 

72/1/10,12 

A 

PCG.HJP 



7.8-13.4 

11 

77/10/23 

C 

PCG 

1.0 


8.0-13.3 

22 

73/ 9/29 

lA 




8.0-13.4 

11 

78/12/13 

C 

JK,JLP 

1.0 

APGL 2046 (H 28 A (2)1 

2.9- 4.1 

5.4 

75/ 8/13 

y 




7.7-13.3 

11 

75/ 5/30,31 

C 

PCG 


APGL 2059 (N 8 E) 

2.1- 4.0 

17 

77/ 5/15 

A 

BJ,SPH 

C.70 


2.9- 4.1 

32 

76/ 5/28- 6/ 1 

uB 




4.4- 7.9 

27 

78/ 5/20 


RCP, RWR , BTS , SPW . PHH 

1.0 


8.0-13.3 

8.5 

77/ 6/ 9,10 

A 

KHH.RCP 

1.20 

N 33 A 

2.0- 4.1 

5-12 

74/ 5, 75/ 5,7 

h 




4.4- 7.9 

27 

78/ 5 

i 




7.4-10.1 



w 




8.0-13.5 

5-12 

74/ 4-5, 75/ 5 

h 



APGL 2136 

1.9- 4.2 

11 

78/ 6/15 

zB 




2.1- 4.0 

17 

78/ 4/28 

A 

KMH 

1.0 


4.4- 7.9 

27 

79/ 6/20,27 


RCP, RJR, BTS, SPW 

1.0 


8.0-13.2 

8.5 

77/ 4/29 

A 

KHH, SPW 

1.0 e 
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Observlnq Log 
and Refecencaa 

Spectral 

Range 

Caiicrona) 

Beam 

Sise 

(arcsec) 

Data 

(UT> 

Re( . * 

and 

Tel.* 

Observers 

Rom. 

factor 

045.071^0.13 /IRS 

7.6-13.3 

11 

75/ 5/ 1 

B 

rCG,RCC 

1.0 E 


8.2-10.9 

11 

75/ 5/22 

C 

rcc.Rcc 

1.0 E 

AFCL 2591 (CRL 809 

2.0- 2.4 

7 

78/ 8/10 

a 



-2992, UOA 271 

2.1- 4.0 

22 

74/11/16,12/7 

ISA 




2.1- 4.0 

17 

77/ 9/30 

k 

RCPgSPW 

1.0 C 


2.8- 4.0 

22 

73/10/24,25 

)* 




4.4- 7.9 

27 

77/ 7/13 


RCP,RWR,BTS,SPW 

1.0 


7.8-13.2 

11 

75/ 5/31 

C 

rCG.RCC 

1.0 E 


7.7-13.3 

11 

75/10/23 

B 

PCC 



7.8-13.4 

11 

77/10/24 

C 

rcG 



8.0-13.5 

22 

73/10/ 1, 2, 6 

)A 



AFGL 2884 (S 140 IR) 

1.9- 4.2 

11 

77/11/18 

aB 




1.9- 4.2 

15 

78/12/10 

aB 


1.0 


2.0- 2.5 

7 

77/10/25,11/25,26 

z 




4.4- 7.9 

27 

76/11/ 3 


RCPgRHRgBTSgSPW 

0.80 


7.7-13.3 

11 

75/11/14 

c 

PCG 

1.0 


7.8-13.3 

11 

76/11/ 2 

c 

PCG 

1.0 


7.8-13.4 

11 

77/10/23 

c 

PCC 

1.0 


7.9-13.4 

8 

76-77 

d 




8.0-13.3 

11 

79/ 5/11 

C 

TLH 

1.0 



11 

79/10/27 

aC 



NGC 7538 /IRS 1 

1.9- 4.2 

11 

79/10/10 

aB 




2.1- 2.4 

5 

777 

% 




2.1- 4.0 

17 

75/11/24,25 

■A 


1.0 


4.4- 7.9 

27 

79/ 6/20 


RCPgRJR.BTSgSPW 

0.90 


7.7-13.3 

7.5 

76/11/ 1 

c 

PCG 



7.8-13.5 

5,7.5 

74/ 9 

k 


1.0 


9.0-10.4 

7.5 

76/11/ 6 

C 

PCC 

1.0 

NGC 7538 /IRS 9 

1.9- 4.2 

14 

78/12/10 

xB 




1.9- 4.2 

11 

79/11/ 1 

aC 




2.1- 2.4 

5 

777 

% 




2.1- 3.6 

17 

77/10/24 

A 

BJ,Rltlt,RCP,SI>W 

1.. 


2.9- 4.0 

17 

77/10/ 1 

A 

RCB.SPN 

1.10 


4.4- 7.9 

27 

77/ 7/13 


RCPgRWRpBTSgSPW 

1.0 


4.5- 7.9 

27 

77/ 7/ 8 


RCPgRWRgBTS,SPW 

1.0 


8.0-13.3 

17 

76/12/15 

A 

BTSgSPW 

1.0 


• RmiteNCl’S. --(•) Thompson and Tokunaga I979fc. (b) Gautier et al. 1976 and 
unpublished (c) Hall n al. 1978 and unpublished, (d) Bhir et al 1978. (e) Russell, 
Suiter, and Fueller 1977 (f) Gillett and Forrest 197). (g) Gillell et at. I97S6. 
(h) Capps, Gilkll. and KnaiAe 1978. (i) Soifer et al. 1979. (j) Merrill and Soifer 
1974 (k) Winner 1976. (I) MerriH, Russell and SoHcr 1976. (m) Soifer, Russell 
and Merrill 1976. (n) Willner 1977. (o) Pensloa, Allen, and Hyland 1971. (p) Pipher 
and Soifer 1976 (q) Scoville er al. 1979 and unpublished (r) Cohen 1976. (s) Joyce 
and Simon 1982. (l) Ailken rf al 1981. (u) Wright el al. 1977. (v) Thompson and 
Tokunaga 1978. (w) R. C. Capps, unpublished, (a) R. R. Joyce, unpublished 


(y) Smith, I .arson, and Fink 1979 (z) Thompson and Tokunaga 1979a (la') Ailken 
and Jones 197). (%) Werner el al. 1979. (A) Merrill and Stein 19766 

^ TeLDCore - (A) Mount Lemmon l.$ m (B) Kill Peak I.) m. (C) Kill Peak 

2.1 m 

■ Nohmsuzation Farmn.- (D) Filled symbols in Fig. I. (E) Open symbols in 
Fig. I. (F) Data smoothed by ) point triangle lunction. (G) Open circfes dcnoie 
average ot three adiacenl data points. (H) Not plolled; normalizalion used for 
measuring optical depths. 
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0MC-2/IRS 3 (i60) 


AF6L 989(11 5) 


/ 

f . *• 




AF6L 2591(415) 


'! 


NGC 753S/IRS 1(420) 


4 

X(^m) 


10 12 14 


Fig. 1.— New 2-13 ton spectra of prolostars. Normalization and significance of open and closed symbols are indicated in Table 1. Airborne 
observations are shown by X's. Solid lines represent data taken from the literature The tl.in dashed lines serve only to connect points for clarity. Large 
squares represent broad band observations. Statistical uncertainties are less than 5\ unless indicated. 


179 









AFGL2684(il S) 


NGC 75}8/IR$9(il) 


GAS 07*0 I3(*20l 









TABLE 2 

Mc*siirh> OmcAi. Dfpths 


Object 

2.92 

3.08 

Wavelength (Nlctons) 
3.35 3.47 6.0 

6.8 

9.7 

T (2. 5-4.0) 

W i /IRS S 

1.87 

3.00 

1.30 

0.84 

0.33 

0.28 

7.64 

370 

BN 

1.04 

1.47 

0.25 

0.15 

0.36 

0.38 

3.28 

680 

NGC 2170 /IRS 3 

0.84 

1.04 

0.55 

0.40 

0.26 

0.34 

4.30 

620 

S 255 /IRS 1 

1.05 

1.13 

0.47 

0.40 

0.20 

0.18 

5.11 

520 

AFGL 961 

1.31 

1.62 

0.45 

0.29 

0.51 

0.52 

2.11 

660 

APGL 989 

0.79 

1.24 

0.32 

0.24 

0.35 

0.46 

2.46 

825 

APGL 2059 

0.16 

0.18 

0.07 

0.06 

0.00 

0.12 

2.6 

750 

AFGL 2136 

1.48 

2.72 

0.77 

0.57 

0.26 

0.27 

5.07 

510 

APGL 2591 

0.45 

0.69 

0.21 

0.13 

0.12 

0.17 

4.14 

540 

AFGL 2884 

0.92 

1.28 

0.58 

0.46 

0.46 

0.29 

3.97 

650 

NGC 7538 /IRS 1 

1.08 

1.29 

0.54 

0.42 

0.37 

0.43 

6.38 

550 

NGC 7538 /IRS 9 

2.34 

3.28 

1.00 

0.64 

0.45 

0.36 

4.46 

480 

APGL 490 

0.30 

0.33 

0.09 

0.07 



2.77 

875 

Orion IRc2 


2.20 

0.12 




6.2 


Orion IRc4 







5.1 


OMC-2 /IRS 3 

0.65 

0.89 

0.28 

0.19 



1.93 

820 

APGL 2046 







5.0 


W 33 A 


>5.4 

3.02 

2.53 

1.75 

1.49 

7.84 

450 

G45.07-f0.13 /IRS 







5.151 



NOTE - For the SMller optical depths, the major uncertainty is in estiwitinq the continuum such 
uncertainty generally amounts to 0.1. The statistical uncertainties in the data are usually much aMller 
eacept Cor the 6.0 and 6.B micron features in a few objects (see figure 1). The wavelength calibration may 
Introduce uncertainties up to 0.2 in the 2.92 micron optical depth, especially for the reddest objects. Pot 
the larger optical depths, the major uncertainty is the applicability of the simple technique used to make 
the estimatcBi a quantitative assessment of this uncertainty is not possible, but the conclusions of the 
paper will be unaffected provided the measured optical depths at least scale in some way with the true ones. 
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observational uncertainty of ±0.02 /tm. The inflection 
appears in spectra uken at Kitt Peak. Mount Lemmon, 
and Mauna Kea (Capps, Gillett, and Knacke 1978) with 
different instrunKnts. Moreover, the shape of the absorp- 
tion is different in different objects; AFGL 961, for 
example, shows more absorption at 3.1 ftm than AFGL 
2884 but less beyond 3.3 foa. The possibility of two or 
more absorbers is also suggested by a laboratory spec- 
trum of a mixture of water and methane ices that is a good 
match to the protostar spectra (Hagen, Allamandola. and 
Greenberg 1980). The lab spectrum has a local absorp- 
tion minimum at 3.30 /im, between the water ice (OH 
stretching) and methanol ice (CH stretching) maxima at 

3.08 and 3.35 /im respectively. 

b) Correlations between Features 

In order to assess correlations between the various 
absorption features, optical depths at several wavelengths 
within the spectral features have been estimated in a 
consistent way for all of the sources. A blackbcdy was 
fitted to the assumed continuum fluxes on either side of 
each feature, and the logarithm of the ratio of the 
blackbody flux to the measured flux at the appropriate 
wavelength was taken to represent the optical depth, 
except for the 9.7 fan silicate feature. For this feature, the 
tabulated value is r ■ 1.4r' -f 1.6, where r' is the value 
measured as above. This value of t is nearly equal to 
the value obtained by more elaborate model-fitting 
techniques (e.g., Gillett et al. 1975o) if the underlying 
emission is also due to silicate dust.* The chosen contin- 
uum wavelengths were 2.0-2.5 and 3.8-4.0 fan for 2.92, 
3.08, 3.35, and 3.47 /on; 5.0-5.5 and 7.5-8.0 fan for 6.0 and 

6.8 /nn; and 8.0 and 12.5-13.3 fon for 9.7 fan. While there 
is no guarantee that the derived optical depths accurate’" 
represent the true absorption optical depths, they should 
at least be consistent from object to object. Table 2 lists 
the optical depths measured for each object. 

Measurements were made at four wavelengths near 3 
fan in order to provide a quantitative representation of 
the shape of the 3.1 fon absorption feature. The optical 
depth measurements at 2.92 fan should be sensitive to 
molecules with NH bonds, those at 3.08 fon to OH bonds, 
and those at 3.35 fan to CH bonds. The wavelength 3.47 
^ was chosen simply as the longest wavelength where 
the wing of the 3.1 fan absorption produces an easily 
measurable deviation from the assumed continuum. 

In order to determine whether the strengths of the 
features are correlated with each other, the linear correla- 
tion coefficient was calculated for each pair of 
wavelengths in Table 2. The sutistical sample consists of 
the 12 sources having complete spectra, and the results 
are shown in Table 3. 

The high correlations between the optical depths of 
nearby features should be interpreted with caution. The 

' Underlying silicate emission was chosen because of the betier 6t of 
such models to the observed dau. Ifr' had been used instead of r, Table 
3 would be unchanged, but all of the correlations in Table 4 would be 
much higher because of the contribution of AFGL 961 and 989, which 
have relatively small silicate optical depths 


TABLE 3 

OmcAL DfFTH CoaaiLATioN Coemarv’Ts* 

2.92 3.0S 3JS 347 60 68 


3.08 0.96 

3J5 0.17 0 19 

3 47 043 045 * 

60 0.63 0.53 0 44 0.43 

64 0.36 044 0.13 Oil * 

9.7 0.47 0.49 0.72 0.76 0.01 -040 


' For 12 measurements. 98*. signi6canoe requires a coefliaeoi of 
0.658, 99*. requires 0.708, and 99.9*, requires 0423 

‘These values are high but meaningless because the measured 
optical depths depend so strongly on the cboioe of continuum level. 


6.0 and 6.8 fan feature optical depths, and similarly the set 
of optical depths near 3 fan. were measured with respect 
to the same continuum level, and any errors in the choice 
of continuum level would cause each set of optical depths 
to be highly correlated. 

The silicate and 3.08 fan features are only weakly 
correlated. This conclusion has been suted many times 
before (e g., Merrill, RusselL and Soifer 1976; Gillett e( of. 
1975b) and is obvious from inspection of the data. 
(Compare, for example, AFGL 961 or AFGL 989 with 
AFGL 2591 or AFGL 2059.) The significant but weak 
correlation between these features is not surprising if the 

3.08 /on feature is due to ice mantles formed within 
molecular clouds so that the physical conditions and age 
of the molecular cloud control the thickness of the 
mantles (e.g„ Allen and Robinson 1977). 

The large correlation between the 508 fan optical 
depth and the 2.92, 3.35, and 3.47 fan optical depths is 
probably significant, even considering the caution stated 
above. If a second constituent contributes to any of these 
absorptions, its abundance must be correlated with the 
water ice abundance. 

A weak but significant correlation exists between the 
silicate absorption and the 3.35 and 3.47 fan optical 
depths This is probably the result of a contribution to the 
optical depths at the latter wavelengths from the weak 
absorption near 3.4 fan observed towi-irds the galactic 
center (Willner et at. 1979). This absorption may occur 
everywhere in the interstellar medium rather than strictly 
in molecular clouds ; towards the galactic center, it has an 
optical depth of about 3^ of that of the silicate 
absorption. 

In order to search for additional composition or 
abundance differences among the sources, it is desirable 
to remove the effect of differences in the total column 
density of material. Since silicate grains are not easily 
destroyed, the silicate optical depth should be propor- 
tional to the toul dust column density. The optical depth 
of each feature was therefore divided by the silicate 
optical depth for that source, and the linear correlation 
coefficient of the ratios was calculated. The results are 
shown in Table 4. 

Some of the positive correlations shown in Table 3 are 
shown to be statistically significant in Table 4. The most 
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TABLE 4 

Nokmauzed OmcAL Depth* Cormlation 
CofmaiNTt 



Z92 

30t 

3J3 

3.47 60 

3 .08 

096 




3JJ 

084 

0.86 


... , 

3 47 

077 

079 



6 .0 

0.84 

077 

063 

060 

6.8 

07: 

063 

043 

039 * 


* Each optical depth h normaliMd b> the 9.7 i<ni 
optical depth 

* Theie values are high but meaningless because 
the measured optical depths depend so strongly on 
the chmcK of oontmuum kvel. 


Striking results are the good correlations between the 6.0 
and 6.8 nm depths and among all four depths related to 
the 3 lan feature. Such correlations must be viewed with 
some caution, however, as noted above. The correlation 
between 6.0 /im depth and the depth of the ice band, 
particularly at 3.08 urn, is more likely to be real and its 
interpreution is discussed below. 

Several possible identifications for the 6.0 and 6.8 pm 
features have been suggested. These include hydrated or 
otherwise processed silicates (Puetter et al. 1979), icy 
gram mollies (Hagen, Allamandola. and Greenberg 
1980), and hydrocarbon molecules (Puetter et al 1979). 
Previous evidence for these identifiations has been dis- 
cussed by Soifer et al. (1979) and Willner et al. (1980), 
who consider hydrated silicates improbable. The com- 
plete lack of correlation between silicate optical depth 
and either 6.0 or 6.8 pm optical depth (Table 3) is further 
evidence against such an identification. 

The 6X) pm feature has been identified as the bending 
mode of HjO or NHy ice (Hagen, Allamandola, and 
Greenberg 1980; Hagen, Tielens, and Greenberg 1981; 
Knacke and Kriitschmer 1980; Soifer et al. 1981) in OH 
0739-14, a late-type ..tar surrounded by an extensive 
circumstellar shell. The shape and central wavelength of 
the 6.0 pm feature in that source are indistinguishable 
from those observed in the protostar spectra discussed 
here, so the same identification must be considered the 
most likely. One would then expect the good correlation 
between the normalized depth at 6.0 pm and the 3.1 pm 
ice absorption. The good correlation found (Table 4) 
must be considered additional evidence in favor of the 
identification of both the 3.08 and 6.0 pm absorptions as 
water ice. perhaps with some contribution from 
ammonia. 

The 6.8 pm feature has been suggested to be the 
bending mode of CHy or CH j groups (Puetter et al. 1979; 
Hagen et al. 1980). If this is correcL the stretching mode 
from 3.3-3.5 pm (Hagen, Allamandola, and Greenberg 
1980) should also be present and correlated with the 6.8 
pm optical depth. Table 4 shows no such correlation, but 
there is a significant correlation between the 6.8 and 2.92 
pm optical depths. The physical significance of this 
correlation is unclear, because we know of no abundant 


functional groups with bands at these two wavelengths.* 
The sutistical evidence it thus of little help in identifying 
the 6.8 pm feature. 


IV. CONTINUL'M ENEIlOY DISTMBUTIONS 

The overall 1.3 to 13 pm energy distributions of the 
protostars are remarkably similar to blackbody distribu- 
tions. A blackbody fit between 2.3 and 4 pm, for example, 
also closely fiu the local slopes just shortward of those 
wavelengths. A single blackb^y curve can often be fitted 
at 4, 8. and 13 pm, although some objects (e.g.. AFGL 
2884) have slightly broader energy distributions. All of 
the protostan have convex energy distributions as 
displayed in Figure 1 ; the energy distributions of compact 
H n regions, by contrast resemble power laws and would 
be much straighter (e.g., Puetter et al. 1979). 

The observed blackl^y-like energy distributions sug- 
gest an optically thick dust cloud While a blackbody 
energy distribution could also be produced by optically 
thin emission from grey dust grains, such a situation is 
unlikely because the required brightness temperatures of 
many sources are nearly equal to the color temperatures 
(Dyck 1980 and references therein). Furthermore, grey 
grains would have to be larger than the applicable 
wavelengths, and there is no evidence that such large 
grains exist. 

[>ust cooler than the observed color temperatures is 
needed to produce the observed absorption features, but 
most objects must have relatively little unobscured hotter 
dust. If such hot dust were presenL emission well above 
the blackbody curve would be expected at the shortest 
wavelengths, and the overall energy distribution would 
be broader than a blackbody Such emission is seen for 
AFGL 961 and 989 but not for most of the other sources. 

The overall energy distribution of the protostars is 
probably determined by the radial density distribution of 
the dust and by possible departures from spherical sym- 
metry (Yorke and Shustov 1981 and references therein). 
The dust radiative transfer models of Jones and Merrill 
(1976), for example, imply that in order to produce most 
of the observed energy distributions, the dust density 
must decrease at least as steeply with distance from the 
central heat source as r~^. Both more detailed radiative 
transfer models and angular diameter measurements at 
different wavelengths would be valuable for defining the 
dust emissivity and density distribution. 

The evolutionary state of the protostars cannot be 
specified but is generally consistent with star formation 
models (Larson 1977 and references therein). In particu- 
lar, models with blackbody-Iike energy distributions in 
the middle infrared and the observed color temperatures 
have been produced. 


’ Ammonia adsorbed on a sibcate clay has bands ai slightly longer 
wavelengths than 2.9 and 6.8 urn (Little 1966), but funher investigauon 
is needed to see whether the observed bands can be produced by 
ammonia in approprute conditions. 
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V. CONCLt'SK>NS 

1. Protostars commonly have blackbody-like energy 
distributions from 2 to 13 ^m. Superposed on this 
continuum are strong absorptions centered at 3.1, 6.0, 6.8, 
and 9.7 laa. 

2. Only weak correlation between the strength of the 
3.1 fjni (ice) and 9.7 fan (silicate) absorptions is present. 
Silicate optical depth is relatively large whenever ice 
absorption is strong, but the reverse is not always true. 

3. There is no correlation between the 6.0 or 6.8 fan 
optical depth and the 9.7 fan optical depth. It is therefore 
unlikely that the 6.0 or 6.8 fon features can be identified 
with silicates. 

4 The strong correlation between the depths of the 3. 1 
and 6.0 fan features provides additional evidence that 
both are primarily due to water ice. possibly with a small 
amount of ammonia. 

5. The optical depth in the long wavelength wing of the 
ice absorption appears to correlate with the optical depth 
at the center. This correlation may be partially due to the 
choice of continuum level, but it tends to imply that large 
( 1 tan\ efficiently scattering ice particles are present 
and contribute at least part of the absorption out to 
3.5 fan. 

6. There is a correlation between the silicate optical 
depth and the optical depths near 3.4 fan. This probably 
implies that the weak 3.4 fan absorption previously seen 


towards the galactic center is present towards the pro- 
tosurs as well. 

7. There is little correlation between the 6.8 fon feature 
depth and the depth in the 3.3 to 3.5 fitn wing of the ice 
band, but there is a correlation between the 6.8 fan feature 
and the short wavelength wing of the ice band. The 
probable contribution of ice extinction at 3.3 to 3.5 fan 
makes finding a correlation with the 6.8 fon feature more 
difficult. Thus, although the statistical evidence provides 
no support for hydrocarbons being an additional absor* 
ber from 3.3-3.5 fan and producing the 6.8 fan feature, 
this identification, which is plausible on other grounds, 
cannot be ruled out. Additional possibilities for the 
identification of the 6.8 ;<m feature, especially any that 
might explain the correlation with the 19 fan optical 
depth, should be explored. 
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OBSERVATION OF INTERSTELLAR AMMONIA ICE 
R. F. Knacice.'- ^ S. McCorkle,' R. C. Pl'etter,* E. F. Erickson,* and W. Kratschmer^ 

RereueW 198} Dtctmbtr 14 oettpud 1982 March )S 


ABSTRACT 

An absorption band probably due to solid ammonia on interstellar grains has been detected in 
the infrared spectrum at 2.97 fan of the Becklin-Neugebauer object and probably in NGC 2264-IR. 
An ammonia-water amorphous ice mixture can explain the structure of the new band and of the 
3 j07 fan interstellar absorption. Laboratory data suggest that a long wavelength wing extending to 
3.5 fan in interstellar dust spectra may be absorption by NH 3 * HjO complexes in the ices. In the 
molecular cloud obscuring the BN object, about 20 times as much NHj is frozen in grains as exisu 
in the gas phase, suggesting that gas-grain interactions may be important in the ammonia chemistry 
of molecular clouds. Arguments are given that interstellar features at 6.0 and 6.8 fan are also 
ammonia-related absoiptions. 

Subject headings, infrared: spectra — interstellar: matter — interstellar: molecules — 
line identification — nebulae: Orion Nebula 


I. INTRODUCTION 

The spectra of most astronomical sources showing the 
interstellar dust absorption feature near 307 fon a^ee 
poorly with laboratory spectra of water ice in the wings 
of the band. It has bwn proposed that in addition to 
HjO ice. another absorber, such as ammonia ioe, may be 
present to account for the short wavelength structure of 
the observed band (MerhU, RusseU. and Soifer 1976) and 
its long wavelength wing. Several other possibilities are 
a C-H absorption (Capps. Gillett, and Knacke 1978), a 
hydrated silicate (Knacke and Kratschmer 1980X or an 
alcohol (Hagen. Allamandola. and Greenberg 1980). 
Since fundamental vibration-absorption frequencies of 
C-H, N-H, and O-H groups all occur between 2.5 and 
3i ftm in various sutetances, the significance of this 
wavelength interval to interstellar grain studies is 
apparent. However, previous observations have been 
limited by interference of atmospheric water vapor. This 
closes the 23-2.85 fan interval to ground-based observa- 
tions so that the complete band structure could not be 
determined. Noise and limited atmospheric transmission 
also hamper observations between 2.85 and 33 fan. To 
overcome the limitations imposed by the atmosphere, we 
obtamed observations with NASA’s Kuiper Airborne 
Observatory. Above the tropopause, water vapor inter- 
^ence is minimal even in the center of the atmospheric 
4.7 fan water band, although there is still appreciable 
•^rption by telluric COj. In this paper V'e present the 
“1^1 complete interstellar absorption spectra between 2 5 
•nd 33 fan. 
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n. OBSERVATIONS 

Observations were made with a circular variable filter 
(CVF) spectrometer at the bent Cassegrain focus of the 
Kuiper telescope. The resolution, including the effects of 
beam size, was approximately 13%. It is noteworthy for 
the discussion below that this resolution is higher than 
the 1.5%-2X)% employed in many earlier studies of 
interstellar ice (cf. Merrill Russell, and Soifer 1976; 
Gillett and Forrest 1973). The detector was a nitrogen- 
cooled InSb cell with a 25* aperture. Best noise response 
was found to be at 14 Hz. This is a lower chopper 
frequency than usually used at the Kuiper telescope and 
appears to be possible because of the low background 
conditions at the short wavelengths employed in this 
experiment. 

At an altitude of 123 km, atmosphciic transmission 
in the 23-33 fan range is very high. Figure lo is a 
spectrum of the star 29 Ori. Since this star has a smooth 
spectrum in this part of the infrared, the observations 
show the relative transmission at 123 km. The remaining 
strong atmospheric feature is a band of CO] at 2.75 fan. 

Several highly reddened sources were observed on the 
nights of 1981 February 18, 19, and 21. A spectrum of 
the Becklin-Neugebauer object (BN) is shown in Figure 
lb. Such spectra taken in the three observing nights were 
corrected for atmospheric extinction by dividing by the 
spectrum of the nearby, unreddened calibration star 29 
Ori and summed. The result is shown in Figure 2a. 
The statistical noise is indicated by the error bars; when 
none are shown, the calculated errors are smaller than 
the data points. The spectrum is dominated by the inter- 
stellar water ice band at -»3.07 fan. This band has a 
weaker feature in its wing at 2.97 ± 0.10 iim, which is 
apparently resolved from the water ice feature for the 
first tune here. Apparent structure at 2.63 and 2.72 fon 
may be noise introduced by incomplete correction of the 
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Fio. I.— Spectra of (o) 29 Ori and (ft) BN. uncorrected tor 
atmotphenc absorptioo. The abaorption bands between 26 and 26 um 
are atmospheric COi- 


Strong CO} bands, but further observations are needed 
to check this point. We also obtained spectra of the 
infransd sources NGC 2264-IR (Allen 1972) and NGC 
2024 No. 2 (Grasdalen 1974) (Figs. 2b and 2c). These 
spectra cover a smaller part of the ice band, but the 
feature at 2.97 tan a probably also present in NGC 
2264-IR. The source NGC 2024 No. 2 has a smoother 
spectnim near 2.97 /am, although the shape of the short 
wavelenph wing resembles that in BN. This may reflect 
a real diflerence in the composition of the ices in the 
sources Unfortunately, time limitations allowed us to 
observe NGC 2024 No. 2 only once, and we do not have 
good error estimates for the data. 

In earlier observations of BN (Merrill, Russell, and 
Soifer 1976), there is poorly defined structure near 
2.97 /am, but the band is unresolved at lower resolution. 
A clearer indication of such structure nuty be present in 
the sp^rum of W51 (Puetter et al. 1979)i and there are 
hints in other spectra also (Merrill and Stein 1976). 
Merrill, Russell, and Soifer (1976), and later Hagen, 
Allamandola, and Greenberg (1980), proposed that this 
structure could be ammonia ice in ab^rption. The higher 
resolution and greatly improved atmospheric trans- 
mission have made the 2.97 /am feature stand out in the 
present data so that its existence as a separate band is 
now established. 

m. BAND IDENTtnCATION 

A band near 3 tan caused by a relatively abundant 
species (as will be shown in § IV) is strongly suggestive 
of an O-H or N-H group vibrational absorption. The 
only other likely candidate known to us is the C-H group 
absorption. However, absorptions of the C-H group tend 
to fail in the 3.0-3.4 /un range (Herzberg 194S), well away 



Fio. 2.-Spectra of(a) BN. (t) NGC 2264-IR. and (c) NGC 2024 
No. 2, corrected for atmotpheric absorption by dividing by a nearby 
calibration star. Apparent structure between 26 and 2.8 ttm is probably 
the result of incomplete correction for the very strong CO] band. 


from the observed band. Therefore we rule C-H out as 
a possible identification for the 2.97 /tm band. 

Hydroxyl groups could be present in grains either as 
water ice or as functional groups in silicates of the 
hydrated types. We have investigated numerous models 
of water ice in crystalline and amorphous phases, with 
grain size distributions, and as mantles on dielectric 
grains. No feature at all resembling the observed 
structure at 2.97 tan was found. The ice absorption is at 
longer wavelengths. We did obtain good fits to the 3X)7 
tan band with amorphous water ice (see below). 

A discussion of the spectra of hydrated silicates with 
reference to interstellar dust was given by Knacke and 
Kratschmer (1980). Lattice hydroxyls often have a sharp 
feature near 2.71 tan due to structural OH and a broader 
band extending to 3.5 /im due to weakly hydrogen 
bonded OH groups. None of the three sources obsened 
show convincing sharp structure at 2.71 /on. A plot 
showing the broad OH and H}0 absorption structure in 
Murchison, a meteorite containing mainly hydrated 
mineral, is shown in Figure 3a. Although opiicai 
constants needed for detailed comparisons are not 
available, the spectrum shows the typical problems with 
such an identification. The hydrated silicate band is too 
broad and is not centered at the observed band. Another 
difficulty is that the long wavelength wing of the inter- 
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Fic. 3.— Comparison of the BN data {filled cirtles) with spectra 
[solid lines) of (a) Murchison meteorite. (6) ammonia ice particles 
(0.3 /imduimeter).and (c)a water -ammonia loe mature of 4:1 (13) ^ 
diameter). 


Stellar band (not shown in Fig. 2, see Merrill, Russell, 
and Soifer 1976) could not be caused by a hydrated 
silicate band of the strength indicated by the observa- 
tions. Finally, strong hydrated silicate absorption seems 
less likely than an absorption by more volatile 
compounds in view ofthe weakness of the 3 /tm feature in 
unshielded clouds (Gillett et al. 1975; Merriil, Russell 
and Soifer 1976). Therefore, we believe that hydroxyl 
absorptions in a mineral matrix are also an unlikely 
identification for the 2.97 /rm feature. 

The position of the interstellar band is highly sugges- 
tive of ammonia, probably in the solid phase. In gaseous 
ammonia, the v, at 2.997 tan and the vj near 2.93 )im 
fundamental vibrations occur near the observed band 
(Herzberg 1945). With the optical constants of Robertson 
et al. (1975), we calculate that particles of ammonia ice 
smaller than 0.5 fon absorb most strongly at 2.97 tan, 
in better agreement with the observations. A calculated 
spectrum of NHj ice particles 02 /rm in diameter (Fig. 
3b) shows the good wavelength coincidence with the 
interstellar band. A Mie calculation of a model consisting 
ofa 4:1 mixture of ammonia ice particles and amorphous 
water ice particles (optical constants of Leger et al. 1979) 
is shown in Figure 3c. Such models give a quite 
reasonable fit to the data if large particles with mean 
sizes in the range 0.6-2.0 tan in diameter are assumed. 
Large particles are, in fact, indicated by polarization 
observations of dense cloud regions (Carrasco. Strom, 
and Strom 1973: Breger 1977; Harris, Woolf, and Rieke 


1978). An exact fit it not attempted now because the 
optical consunts of ammonia are temperature and phase 
dependent. The Robertson st al. (1975) constants used 
were obtained for ammonia ice at approximately 193 K, 
while the predominant grain temperature of ices in our 
beam is S 100 K (Erickson et al. 1980). Amorphous water 
ice is necessary to give a good fit; crystalline ice (Bertie, 
Labbe, and Whalley 1969) gives a decidedly poorer fit. 

A more plausible model of icy interstellar grains would 
consist of ammonia and water ices mixed in the same 
particles. For this reason, we are studying ammonia 
hydrates (NH} ■ HjO) in the laboratory. A preliminary 
spectrum of a mixture in th* ratio of approximately 5 to 1 
is shown in Figure 4. This spectrum and others (not 
shown) that we have obtam^ itxlicate that a water- 
ammonia mixture in the rat<os of 4 ± 1 to 1 gives 
reasonable agreement with tlie interstellar spectra, thus 
supporting the conclusions of the model calculations. The 
detailed results of the laboratory investigations will be 
published in a future paper. Besides the 2.95 tan absorp- 
tion, there is also ab^rption near 3.4 tan in Figure 4. 
It occurs in spectra of ammonia hydrates but not in 
spectra of either ice separately. Waldron and Hornig 
(1953) proposed vibration of an NH-Obond as the mos* 
likely origin of this band. This absorption provides an 
attractive explanation for at least part of the long wave- 
length wing ofthe interstellar band (§ I), without invoking 
new constituents. Many sources also have an inflection 
near 3.3 tan similar to the inflection at this wavelength 
in Figure 4. Note that in this explanation, the wing should 
always be present when ammonia hydrates occur on 
grains, but not in the case of a pure water ice mantle. 

An interesting object from this point of view is OH 
231 .8 -f 42 (Gillett and Soifer 1976). It has a narrower, 
sharper feature than most other ice sources and also a 
weak long wavelength wing. This, in the above inter- 
pretation, could be a case where NH} ice and the conse- 
quent wing are absent. There is evidence that the 
absorbing material in OH 231.8-f-42 is heated by a 
changing luminosity of the underlying source. 



Fic. 4.— a laboratory spearum of (thin layer) water-ammonia ice 
mixture (HjO:NHj » 5:1). The temperature was 70 K. 
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In summary, an ammonia*water ice mixture gives a 
satisfactory fit to the interstellar features near 3 /4m, 
including the structure within the band and its long wave- 
length wing. As a volatile ice, this mixture is consistent 
with the occurrence of the 3 /an feature solely in dense 
clouds. We have found no other abundant molecule or 
solid with a strong baixl at 2.97 /im. That the observed 
ammonia is frozen rather than gaseous is suggested by 
the better wavelength agreement with the solid. In the 
next section we also show that abundance comparisons 
with NH3 detected in the radio rule out a gaseous origin 
for the 2.97 fon NH, band. 

IV. DiSCL'SSlON 

Using the fit shown in Figure 3c, we infer a column 
density of ammonia molecules to BN of 

N(NH„ 2.95 /im) - 1 x 10‘*cm-^ 

where we have used an ammonia density of 0.6 g cm* * 
{Handbook of Chemistry and Physics 1980). We believe 
that the uncertainty in this estimate is on the order of a 
factor of 2-3 beiause (1) the background source 
continuum in the BN spectrum in the 2.7-33 /an region 
is uncertain: and (2) the optical constants of ammonia 
are temperature dependent, and the constants measured 
at 193 K are probably not exactly correct for the lower 
temperatures characteristic of ices in the Orion molecular 
cloud. 

The column density of ammonia estimated here is 
much greater than that inferred from radio measurements 
of ammonia in the gas phase. Ammonia abundances in 
the K.L region have recently been reevaluated by Barrett, 
Hu, and Myers (1977), Sweitzer (1978), and Sweitzer et ai. 
(1979). Barrett et al. derive a column density of iV(NH3, 
gas) ^ 4 X 10'* cm**. Sweitzer (1978) modeled several 
NH3 lines and found n(NH3) * 03 cm** in a region 16' 
in diameter (^10‘* cm). This gives 5 x 10'* cm**, in 
good agreement with the Barrett et al. estimate. BN lies 
near the edge of the indirectly inferred 16* diameter dense 
region centered on KL. and therefore the gas density to 
BN may not be exactly the same as that to the source of 
NH3 emission. It lies well inside the SO distribution 
centered on KL measured with high resolution by Welch 
etal. (1981). If we assume that the density in front of BN 
is similar to that derived from the observations centered 
on KL, we find that most of the ammonia (by a (actor 
^ 20) in the clouds must be frozen on grains. This is a 
lower limit since the density of gaseous ammonia should 
be less to BN than to KL, and it is likely that the path 
lengths of the radio measurements are longer than those 
meitsured in the infrared. 

The measured amount of ammonia ice appears to be 
consistent with abundance constraints. The column 
density of gaseous carbon monoxide (CO does not freeze 
at the temperature believed to be characteristic of the KL 
region) to BNisestimatedtobeN(CO) ^ 2 x 10'* cm** 
from radio measurements (Liszt et al. 1974) and 


.V(CO) « 1 X l0'*fromabsorptionnear4/4m(Haller<i/. 
1978). Taking the latter measurement as representative 
of the column density in the path length of absorption 
by grains to the BN source, we find 

[NH3, grains]/[COJ ■ 0.1 , 

again with a probable uncertainty of a factor of 2-3. 
The cosmic N/C ratio is 0.32 (Allen 1973). Therefore the 
ratio of N on the grains to N in the gas is between 0.1 
and 1 if most of the carbon is in CO. It as seems probable, 
considerable C is in other forms (Phillips and Huggins 
1981), the ratio is correspondingly lower. The uncer- 
tainties in fitting the observations are such that large 
amounts, or most, of the nitrogen could still be in the 
forms of Nj and N, as suggested by calculations of ion- 
molecule reactions (Iglesias 1977; Prasad and Huntress 
1980) and observations (Herbst et al. 1977). 

The column density of H3O ice can be estimated for 
the 3.07 fan absorption band. We find 

iV(HiO ice) « 4N(NH3 ice) 4 x 10'* cm** , 

in agreement with earlier estimates for the column density 
ofH20to BN by Gillett and Forrest (1973). Waters et al. 
(1980) estimated 10'’ < N(H20, gas) < 10'* cm** to 
KL. This density, while uncertain, suggests abundances 
higher than those predicted by Herbst and Klemperer 
(1973), but close to the predictions of Mitchell Ginsberg, 
and Kuntz (1978) and Prasad and Huntress (1980). In 
time-dependent calculations including condensation in 
grains, all the abundattces depend strongly on the cloud 
age, with time scales on the order of 3 x 10* years 
(Iglesias 1977). From this initial estimate, the amount of 
H2O frozen on the grains appears to be of the same order 
as the amount in the gas in the BN cloud. 

The results of ion-molecule reaction calculations that 
do not include reactions on grains (except for H2) give 
[NH3]/{H2] abundances (in the gas phase) of a minimum 
of -*>4x10*'® (Herbst and IGemperer 1973), a 
maximum of 1 x 10** (Mitchell Ginsberg, and Kunu 
1978), and other values in between (Prasad and Huntress 
1980; Graedel Langer, and Frerking 1981). With the 
above column densities we find 

[NH3, grains]/[H2] « 1 x 10** , 

compared to the gas abundance in the Orion cloud 
(Sweitzer 1978) of (NH3. gasHH2] * 5 x 10*’. The 
lar^ amount of NH3 on the grains is evidence for gas- 
grain interactions. Since observed amounts of gaseous 
and solid ammonia strain the predictions of ion-molecule 
schemes, it seems that reactions on grains could be an 
additional source of ammonia. 

Sweitzer (1978) suggested that the gas abundance is 
indicative of ammonia evaporation from grains. His 
estimated abundance of [NH3, ice]/[H2] ^ (2-4) x 10* 
required for this process is close to the present measured 
value, but the calculation is strongly temperature 
dependent, and the H2 density is also somewhat uncer- 
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in In the ion-molecule calculations, most nitrogen 
lends to occur as molecular Nj and atomic N. Although 
N'. mav not be highly reactive on grain surfaces, it seems 
(hat N would be, and that it would react to the saturated 
fcirm. NHj. as was proposed by van de Hulst (1949) and 
bN Watson and Salpeter (1972). In any event, the presence 
of ammonia ice in clouds suggests that gas-grain inter- 
actions are a necessary part of reaction sequences of 
nitrogen-containing molecules. 

Corroborating evidence for the presence of ammonia 
ice could be sought in the detection of the v« ammonia 
band at 6 /im and the vj band near 9.4 /im in pure, solid 
ammonia. There is an absorption near 6 /xm in several 
heavily reddened sources (Soifer et al. 1979). However, 
water ice also absorbs near 6 fan, so the presence of this 
band is only corroboratory evidence for the NH} identifi- 
cation. The predicted vj NHj interstellar absorption 
would occur where many sources show substantial 
infrared emission and where the wing of the 9.8 /<m 
silicate band interferes, but a careful search for this NHj 
band might be productive. In ice mixtures, however, the 
V] band center shifts. In a S:I water-ice mixture, the 
center is near 9.0 ftm (Fig. 4). Observation of this band 
shift would provide strong support for ammonia hydrates 
on the grains. 

Another unidentified interstellar band in heavily 
obscured sources is at f .78 ± 0.08 /an (Soifer er al. 1979). 
The ammonia identification suggests a possible origin for 
this band also. Ammonia absorbed into clay minerals 
forms the ammonium ion (NH 4 ) upon interacting with 
H]0 in interlayer positions (Little 1966). The v« deforma- 
tion mode ofammonium absorbs near 6.8 /an. In different 
montmorillonites, the band lies between 6 . 8 S and 6.97 /an 
(Mortland et al. 1963). Thus this is an attractive possi- 


bility for the 6.78 /an band in the context of ammonia- 
grain interactions, although it should be noted that the 
wavelength coincides with other possible absorbers also 
(Soifer er al. 1979, Knacke and Kratschmer 1980). The 
ammonium ion has a stretching mode that lies between 
3.0 and 3.0S rrm in clays (Mortland er al. 1%3). This 
band would be hidden by the water ice. Possible indica- 
tions of clay minerals in interstellar grains have been 
discussed by Zaikowski and Knacke (1975) and Knacke 
and Kratschmer (1980), but the evidence cannot be 
considered conclusive. Further observations are needed 
to clarify the nature of the interstellar silicate as well as of 
the ices. 

V. CONCLUSIONS 

1 . A new interstellar band at 2.97 /an is identified as 
ammonia ice on interstellar grains. 

2. In the molecular clouri associated with the BN.KL 
complex, there is about 20 tunes as much ammonia frozen 
on the grains as is in the gas phase. Evidently gas-grain 
interactions are important in the nitrogen chemistry of 
molecular clouds. 

3. Bands at 3.4 /an and 6.0 /an, observ ed in interstellar 
dusL are probably absorptions of ammonia-water -ice 
mixtures. 

4. An interstellar band at 6.8 /an may be absorption 
by ammonium (NH« ) ions in clay minerals. 

We would like to thank the staff of the Kuiper Airborne 
Observatory for their unstinting support and generous 
cooperation. We thank Dr. K. Kitta for helpful 
comments. This research was supported by NASA grant 
NAG 256. 
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ABSTRACT 

Airborne measuremenis of the [Ar n] (6.99 /cm) and [S in] (18.71 yan) lines for five compact 
H n regions in the solar neighborhood are presented, as well as 2-4 /an and 8-13 /an 
spectroscopy where available. From these data and radio data we deduce lower limits to the 
elemental abundances of Ar, Ne, and S. Some of these H n regions suffer substantial nebular 
extinction, and some are extended. After correcting for beam size effects and extinction, we find 
that four of the objects are consistent with standard abundances, within the uncertainties of 
correcting for unobs^ed ionization states. A Perseus arm object, S1S6, is apparently overabundant 
in sulfur. 

Subject headings: infrared: spectra — nebulae: abundances — nebulae: H n regions 


I. INTRODUCTION 

Observations of infirared fine-structure lines in H n 
regions provide a probe of nebular conditions (Lacy 
1980). Optical observations, which are limited by inter- 
stellar extinction to H n regions within a flew kiloparsecs 
of the Sun, have yielded information on atomic 
abundances, excitation, temperature, and density of the 
gas (e g, Hawley, 1978). Radio observations, while not 
suffering extinction, offer abundance determinations only 
for He* and sometimes C*. Although extinaion 
corrections may be significant, infrared ol^rvations are 
not so severely limited by extinction as those at optical 
wavelengths (Herter et al. 1981, hereafter Paper I). 
The benefits of probing to large distances from the 
Sun, or deep within a local molecular cloud, and the 
lack of severe temperature dependence of the lines make 
infrared fine-structure lines well suited for abundance 
analyses in our Galaxy. 

In this paper we report ground-based and airborne 
spectroscopic observations of fine-structure lines from 
2 to 30 ^ for the compact H n region complexes of 
S156, S88B, S106, NGC 2170 (Mon R2), and Orion. 
Since these regions are all relatively nearby (9-13 kpc 
from the galaaic center), and since all have optical 
counterparts, we have the opportunity to compare 
available optically determined abundances with the i^a- 
red estimates presented here. These observations, in 
concert with those reported previously (Paper 1), will be 

' Visiting Astronomer al Kill Peak National Observatory, which is 
operated by the Assocution of Untversities for Research in Astronomy. 
Inc, under contract with the National Science Foundation. 


used to discuss potential abundance and/or excitation 
gradients in the Galaxy. 

The fine-structure lines studied here include [Ar tn] 
(8.99 /an) and [Ar n] (6.99 /an); [S m] (18.7 /an) and 
[S iv] (10.51 /an); acid [Ne n] (12J1 i^). Th^ argon 
and sulfur ionization states constitute the major 
ionization states for H n regions with exciting stars of 
temperature T, ■> 30,000-45,000 K for sulfur, and 
T, » 25,000-40,000 K for argon according to simple, 
dust-free ionization structure models (e.g, Lacasse et al. 
1980; Lacy 1980). Thus, we can measure total atomic 
abundances. 

To estimate the extinction to the emission line regions 
we measure the ratio of the Brx/'Bry hydrogen re- 
combination line strengths, the ratio of the Brackett 
lines to the free-free radio flux, and the depth of the 
9.7 /an silicate feature. 

n. (»SERVATK>NS 

The data described here were obtained with a variety 
of infrared systems. The 2-4 /an and 8-13 /im data were 
primarily obtained either at Kin Peak National 
Observatory (KPNO) or the University of California at 
San Diego-University of Minnesota Mount Lemmon 
Observatory using CVF spectrometers with resolutions 
Aa/A - 0.013-0.02. These data, both previously 
published and new results, are noted in Table 1. Sampling 
densities are typically one to two data points per 
resolution element. 

The 4-8 /an data reported here consist of 
observations in the [Ar n] line and adjacent continuum 
using the UCSD Uter wheel spectrometer (RusselL 
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TABLE I 


LiNt Fluco 


Ob|cci 

Measured Line Flux 
Line f,, (I0-" Wcm*‘) 

Aperture 

(arcsec) 

Reference 

Line Fhix Corrected lor 
Extinction (10" '* W cm ‘ ’) 

SSSB 

... Arm 3.6 1 1.0 

0.4 ± 02 

II 

1 

Itl 


Siv 

0.7 1 0.2 

II 

1 

IS £ 13 


Ncn 

70 ± 0.9 

It 

1 

26£ It 


S in 

90 £ 1.6 

30 

2 

80£ SO 


Arn 

120 £ 10 

27 

2 

37 £ t2 

SI56 

... Arm 0 

IS £ 02 

It 

2 

I.S±0* 


Siv 


II 

2 



Nen 

76 £ 0.9 

It 


76 £ 09 


Sm 

2t £4 

30 

2 

21 ±4 


Ar tt 

STS 

27 

2 

S7J 

SI06* Source 2 

... Arm IJ 

<06 

II 

2 

<3 


Siv 

<20 

It 

2 

<7 


Men 

14.4 t t .9 

tl 


2S£3 


S 10 

206 £ 30 

30 

2 

52 £7 


Ar n 

I2J £ 1.2 

27 

2 

19 £ 2 

NGC 2170 IRS 1 

... Arm 2.1 1 0.3* 

<20 

7 

2 

<9 


Siv 

<0.7S 

7 


<4.3 


Ne n 

230£ 16 

7 

2 

SI0£60 


Sra 

14 ±3 

30 

2 

SI £ IS 


Am 

14 £4 

27 

2 

26 £S 

M42 (2(r N fl'C) 

... Arm 0 

3.4 £ 0.7 

It 

2 

3.4 £ 0.7 


S IV 

12 £ to 

It 

2 

12 ± 10 


Nen 

6.6 £ 06 

It 

2 

66£0.S 


Sin 

93t 12 

30 

2 

93 £ 12 


Arn 

<12 

27 

2 

<12 


* SI06 souros 1. IS* beam, almott idenlical line fluxes to SI06 source 2. 

* Adopted uncertainty 

RenaiNcts.— (I) Pipher *t al. 1977. (2) This paper. 


Soifer. and Willner 1977; Pttcuer et al. 1979) on flights 
of the Kutper Airborne Observatory (KAO) in 1979 
June and Dumber. For these observations a 27' focal 
plane aperture was employed, and the chopped beam 
spacing and orientation were chosen to avoid beam 
cancellation. 

The 16-30 fan data consist of spectra obtained with 
the Cornell University cooled grating spectrometer 
(McCarthy et al. 1979) on flights of the KAO in 1980 
March and July. A focal plane aperture of 30” and 
choice of beam throw similar to that used with the 
UCSD instrument were employed. The spectral 
resolution over the [S in] line is 0.2 fan, sampM at a 
density of approximately three points per resolution 
element. The complete spectra from 2-30 ton are 
presented in Figures 1-3 and S-6. When different beam 
sizes were employed in different wavelength regions, we 
have not attempted to correct for beam size effects in 
plotting these spectra, since the ionization structure of 
the region prohibits simple scaling of the line 
intensities. 

The observed line fluxes (uncorrected for extinction) 
are listed in Table 1 along with the beam sizes and 
references for the observations. The line fluxes for all 
but [Ar It] have been derived from a detailed line fit 
to the observations of the form f .i » a + fix 
+ c{exp -[(x - ii)/<Ti]^}; that is, a linear continuum 
plus unresolved line emission at A » and 
Ox ~~ 0.6Axfwhm. where Axhvhm determine from 


laboratory measurements. We vary a, b, and c to 
minimize ^ [(Fo*. - f««ui)/obs error]^. For [Ar it] 
a single point in the line and one on either side in the 
adjacent continuum were used to determine the line flux. 
The spectral resolution determined in the laboratory was 
0.10 fon. 

til. DISCLSSION 
a) Estimating Extinction 

In Paper I we discussed extensively the nature of the 
extinction correction, and here we will only briefly review 
the correction techniques, the general philosophy of 
extinction correction, and the uncertainties involved. 
FirsL there is no guarantee that the extinction law is 
the same from region to region. Second, although we can 
accurately compute the extinction at 2.17 and 4.05 fttn 
by (1) comparing observed and predicted Brackett fluxes 
with the free-free radio flux (assuming constant extincti^ 
over a beam size), or (2) by comparing the observed 
and predicted ratio of the Brackett fluxes, and assumiff 
the form of the extinction law from 2 to 4 fxtn. we cann^ 
easily extrapolate to the longer wavelengths at which ihf 
fine-structure lines appear. The 9.7 fan silicate extincti^ 
(Gillett et al. 1975a) has been determined by fitting 
absorption spectrum of the 8- 1 3 fitn continuum 
with an opacity law which describes optically 
emission from hot dust in the Trapezium region ^ ^ 
8-13 fitn. The underlying emission is assumed to n* 
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Itnodel I) or a Trapezium emission spectrum 
r»' ^ iiV^iaiive transfer effects may be important 
Scoville 1976) but are not included. This 
r ^junction determination is quite uncertain. 
**'*''* f. derived by this method is approximately 
'»he*re"r*,« is determined from the Brackett 
* yj\" and also assuming a a*' extinction law to join 
"wavelengths/ then we can “choose" a model I 
xjel II fit Usually model II better fits the 
C^aiions (minimizes the y^). and it is generally 
L^bied with the measured value of r*,„ (see ako 
and Rank 1980). As developed by Aitken ef ai 
hV-Cj) and Jones el ai (1980), one can perform a 
muhicomponent fit to the 8-13 iim spectrum including 
-pf-tributions from the unidentified 8.6 and 11.3 /im 
Kaiu«> ** Ssature. Where 

the>e features dominate the spectrum, we use this method 
10 provide a better estimate of r, 7. From obsenations 
of circumstellar shells, Forrest, McCarthy, and Houck 
11919) conclude rn.7 ,» 0.6r, 7,., a relationship 
which also holds for galactic H It regions (McCarthy, 
Forrest, and Houck 1982). 

In Paper 1 we have listed the adopted extinction law 
T^r«7 used throughout. Mean values of U.imm are 
computed for each region from all extinction techniques 
available, and xjxt,-, is then employed to deduce f.t, for 
the line fluxes listed in Table 1. All line fluxes, and the 
abundances calculated from them, reflect the estimated 
uncertainty in the adopted 7,„. 

b) Estimating Abundances 

Ionic abundances are estimated by comparison of the 
observed line fluxes with radio fluxes at frequencies where 
the nebulae are optically thin, using equation (3) of Paper 
I. In all the H n regions considered here, at 9-13 kpc 
from the galactic center, an electron temperature of 7500 
K is appropriate (Wilson, Bieging. and WUson 1979). 
The ratio of electrons to protons is assumed to be 1.15. 

The prescription for computing total atomic 
abundances for argon and sulfur from the [Ar n], 
[Ar 111], [S lu], and [S iv] observations was discussed 
in Paper I. The abundances thus computed are strictly 
lower limits to the total abundance ^cause (1) other 
ionization states may be present ; (2) clumping may cause 
us to underestimate ionic abundances; (3) sources 
extended with respect to measurement beam sizes lead to 
exclusion of certain ionic contributions, as discussed in 
Paper I. 

Since only one ionization state of neon is observed 
(Ne 11), it is more difficult to comment on the total neon 
abundance. We will report in a separate paper theoretical 
predictions of the ratio of [Ne n/Ne] with [S ui/S iv]. 
In most of the cases reported here, Ne 11 is expected 
to be the dominant ionization state, because all of the 
H n regions except M42 are low excitation objects. 
In the case of M42, optical estimates of [Ne m/H] are 
available. I" this paper, we adopt a standard neon 

^ Independeni obwrvn ions of obscured stars (Hackwell and Cehr 7 
1974 and Gilletl el at. 19756) suggest an extinction law of this form. 


abundance [Ne H] of 1 x 10'* rather than 1.5 x 10"* 
assumed in Paper I. This new value is deduced by 
Aller (1978) and Beck et ai (1981) from observations 
of planetary nebulae. 

c) Individual Sources 

SMB - 06/ J+O.J.— The Hz knot, S88B. near the 
diffuse H ii region S88 and the Hz knot S88A, has been 
studied previously by a number of investigators. Infrared 
maps by Zeilik (1977) and Pipher et ai (1977) revealed 
extended structure at 2J[ gm and 126 gm that en- 
compassed the radio compact structure (Felli, Tofani, 
and D’Addario 1974; Felli and Harten 1981) as well as 
the more diffuse Hz knot. Maps of S88B at 1.6 ^m, 
2.2 ^m, 3.4 ftm, 50 /im, and 100 /im by Evans et ai 
(1981) confirm the extent of the IR source, and the 5 GHz 
maps of Felli and Harten delineate radio emission in the 
dark cloud to the east of the Hz knot. The latter authors 
resolve two components to S88B. namely a high electron 
density (il.9x 10* cm"*), high emission measure 
(^1.8 X 10'' pc cm"*), unresolved source S88B-2, and a 
normal compact region source S88B-1 which contributes 
most of the radio flux. Molecular maps of the region 
close to S88B by Evans et al. extend all the way to M8A 
where an exciting star has been identified; the distance 
to this star places S88A at 2 k[>c from the Sun. We 
adopt that distance in what follows. 

The radio maps of Felli and Harten correspond to a 
completely obscured region at the peak position of 
S88B-1. Since the eastern edge of the Hz knot is very 
sharp, and since radio emission extends across this edge, 
there must be differential extinction. This is consistent 
with the assumption that the compact H 11 region is 
embedded in dark cloud material and the Hz knot is a 
"blister" model artifact. The infrared maps of Pipher 
et ai (1977) and Evans et ai (1981) peak at different 
spatial positions than the radio peak, in the sense that 
longer wavelength maps peak closer to the radio center. 
This might also be interpreted as evidence for differential 
extinction, but the possibility of additional near-infrared 
heating sources cannot be discounted. 

We have obtained new data centered on S88B-1 at 
wavelengths in and near the [Ar n] and [S in] lines, and 
these data as well as previously published data discussed 
below are plotted in Figure 1. 

Extinctions have been estimated at several positions by 
different techniques. First, 2-4 /im spectroscopy on S88B 
at the peak 2.2 fan position was reported by Pipher 
et ai (1977). The Brz and Bry line fluxes quoted by 
them incorporate an error in the assumed spectral 
resolution of the spectrometer. New line fits to the data 
lead to observed fluxes of 4.0 ±0.7 x 10"** W cm"* 
in the 17’ beam at 2.17 fim (Br/) and 3.1 ± 0.6 x 10" “ 
W cm"* at 405 fan (Brz). The ratio of observed line 
fluxes compared to the predicted ratio F(Brz)/F(Brv) » 
2.84 (case B. N, - 10* cm"*. T. - 7500 K), using the 
extinction law from Paper I, yields an extinction of 
T2.i7»m * 2.2 ± 0.8. This value corresponds to -4,, = 
26 ± 9 mag and t, 7 » 2.3 ± 0.8. The extinction to the 
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Ha knot of <^4 mag suggests the Ha knot is in the 
foreground. 

Another extinction estimate, at the peak 12.6 foa 
position, is derived from the 8-13 taa continuum data 
(Pipher et d. 1977), A model II fit to the 9.7 yxa 
silicate absorption feature leads to >• 290 K and 
Vt «m ” 3.6. The mean extinction is substantially larger 
than that found at the peak 2.2 ^aa position. Since the 
12.6 fun peak position is closer to the visual eastern 
“edge” of the Ha knot and to the radio center than the 
22 fan peak position, a gradient in the extinction is 
suggested. We assume that the discrepancy in T 9.7 
between the two positions is real, and adopt T 9.7 — 3.6 
for the ionic line fluxes of [Ar in], p^e n], and [S tv] 
observed from 8-13 fan. The line fluxes observed with the 
larger beams used at 16-30 fan and 4-8 fan ([S m] and 
[Ar n]) probably include both obscuring regions as well 
as an even more heavily obscured region centered on the 
radio peak; we adopt Xf,-, « 3.6 in interpreting those 
data. Estimating the uncenainty in T 9.7 is more difficult, 
but we adopt a value of 1 . 0 . 

Line fluxes of ry n], [Ar in], [Ne n], [S in], and 
[S iv] are listed in Table 1, both measured and corrected 
for extinction. Uncertainties quoted reflect uncertainty in 
the extinction correction as well as in the line measure- 


ment. The radio data of Felli and Harten show that the 
compact H n region with a half power diameter of 21' 
provides the bulk of the total flux of 6.1 Jy at 5 GHz. 
The radio interferometer results of Pipher et d. (1977) 
gave 4.3 Jy at 2.7 GHz in a 15' diameter region, and 
Felli and Harten show that the object is optically thin 
at these frequencies. At 2 kpc a single 35,000 K ^MS 
star could supply the ionizing radiation and would give 
reasonably low excitation. We assume a radio flux of 
6.1 Jy for the [Ar n] and [S m] measurements and we 
adopt 2.3 Jy for the [Ar in], p^e n], and [S iv] 
measurements. Using equation (3) of Paper L 
compute the ionic abundances, which are list^ in Table 
2, relative to standard atomic abundance. The argon and 
sulfur ionic abundances taken at face value are consistent 
with S 88 B having standard atomic abundance. Because 
S 88 B is a relatively low excitation region, we expect that 
roughly 50% of the neon is in the form of Ne n. Within 
the uncertainty of correcting for other ionization states, 
we conclude that the neon abundance may be consistent 
with standard abundance or may be underabundant in 
S 88 B (^0.5 X standard). 

SI56 * GIIO.I +0.0. — This compact H n region has 
been studied optically by Deharveng (1974), Glushkov 
and Karyagina (1972), and Heydari-Malayeri et 
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TABLE 2 

lONK AlCNDANCn RiLATIVt TO STANOAkO AaCNOANCO* 


<w.ywii> 


standard 


Obfaci Arm Siv Men Sm Ara 


SUB <0J <0J 0J±0.1 0.7 ±0J 1.3 ±0J 

SI36 0J«t0O3 ... 0481004 1.7 ±0.3 <3 

SI06 <0.2 <0.1 0.621003 1010.2 1.3 ±0.2 

NCC21701IIS1 <0J <003 030 ±004 0.410.1 OJlO.3 

M42 (20*N«,C) 00 10.1 0J710O4 0.41 ±002 10 ±0.1 <0J 


* Asfumad standard abundanon: S/H - 1.6 » 10* Ar.TI - 4.7 « 10'*; Na/H « 10 a 10'*. 
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(1980)^ and at radio wavelengths by Israel, Habing, and 
de Jong (1973)^ Israel (1977)^ and Birkinshaw (1978). Its 
optical diameter is 30', a^ the strong compact radio 
source corresponds to the northern optical condensation. 
The central star is visible, and the 07 V spectral 
classification is consistent with the observed optical 
ionization structure. 

Spectrophotometric data from 2 to 4 /an obuined 
at Mount Lemmon in 1979 November and from 
8 to 13 /an at 'he KPNO 2.1 m telescope in the same 
month around the [Ar m] and [Ne n] lines, are shown 


in Figure 2. We present the averaged data from several 
nights. Radio observations, at 5 GHz (Israel 1977), 
indicate a dominant 0.59 Jy source, 5' x 12' in size with 
two weaker components positioned <«'15' south of the 
main source of flux density 0X)4 Jy each. For compuution 
of all ionic abundances, 0.59 Jy will be used for 
comparison with the measured line fluxes. 

The extinction to S1S6 appears to be fairly uniform 
over the whole nebula and has an average value of 
A, % 3.6 mag with some positions in the central bright 
pm having A, ~ 5 mag (Israel 1977 and references 



I 
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therein). Since this represents 7 $ 0.40 and at most 
a 30% correction to the ot^rved line fluxes, a 
conservative value of zero will be adopted for r« 7 - This 
IS consistent with the extinction dedu<^ from a ratio of 
the Brackett fluxes and from the shape of the 8-13 urn 
spectrum 

The computed ionic abundances relative to the 
standard elemental abundances are given in Table 2. 

Ar a was not detected, and S tv was not reliably 
measured; hence, we cannot combine ionic abundances 
or estimate the [Ar tn/Ar u] or [S tv/S iii] ratios; 
however, [S m] alone is 1.7 times greater than standard. 

In addition we note that for our calculated emissivities 
for S1S6 we adopted an rms value of Af,"" - 5200 cm’* 
as found by Israel but as Israel points out, [S a] 
measurements by Glushkov and Karyagina and 
Deharveng yield electron densities as high u N,m 
19,000 cm’ *, indicating massive clumping in the nebula 
with ^ 0.1 « filling factor). This high density, if 

adopted, will have little effect on the ionic abundances 
of Ne n and Ar m but will increase the estimate above 
the S m abundance by 60% due to a decrease in the 
calculated emissivity at the higher density. 

In conclusion, SI 56 exhibiu ionic abundances for 
Ne n and [Ar tn] which are consistent with the adopted 
standard atomic abundances of Ne and Ar, while S tn 
has an ionic abundance approximately two times higher 
than standard. 

Although S156 has not been included in an optical 
abundance program to our knowledge. Talent and 
Dufour (1979) conclude certain radial abundance 
gradients in a given spiral arm (including the Perseus 
arm) are larger than the average over the same range in 
galatnocentric distance. Perhaps the enhanced sulfur 
abundance observed in S1S6 might be a result of such an 
effect. A greater sample of regions in the Perseus arm 
will be needed to confirm Talent and Dufour's 
conclusion. 

S106 — G76.4-0.6 . — Radio and infrared observations 
of the S106 complex (Pipher et al. 1976; Israel and 
Felli 1978; Tokunaga and Thompson 1979; Lucas et ai 
1978) have revealed a bipolar nebula with an infrared 
point source (source 3 in the notation of Pipher et al. 
1976) surrounded by three to four compact H n regions. 
The centroid of the duster is somewhat displaced to the 
east from the diffuse Ha nebulosity. Eiroa, Elsasser, and 
Lahulla (1979) obtained a series of photographs in the 
/ and R passbands and found nebulous knots close to 
the compact H n region centers 1, 2, and 4 in the 
notation of Pipher et al. (1976) and A, C, and B in the 
notation of Israel and FeUi. These compact H n regions 
contribute only 20%-25% of the total synthesized radio 
flux (Israel and Felli 1978). A highly absorbing disk of 
dust seen edge-on crosses in front of the point source 3 , 
which has been proposed as the single source of excitation 
for the complex. The distance to S106 is quite uncertain, 
and distance estimates range from 500 pc to 3.6 kpc. 
Eiroa, Elsasser, and Lahulla (1979) discuss these distance 
estimates and reconcile the spectrum and luminosity of 
source 3 with a single BO V star (attenuated by 
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A, - 22 mag) at sole exciting source of the complex at 
a distance of 500 pc. 

Hefele and Holzle (1980) present 8-13 ^ 
spectroscopy at Ai/i 0.019, with a 24' aperture and a 
45* beam separation in right ascension for sources 1 , 2, 
and 3. Unfortunately, their beam sizes were large enough 
to include not only the compact H n regions 1 and 2 
(diameters 8 * x 8 * and 18' x 12', respectively; Israel and 
Felli 1978) but also the regions beyond the ionization 
edges where radiation in the 11.3 /im emission feature is 
strongest (Aitken et al. 19796). This complicates 
interpretation of their deduction of the 9.7 nm 
absorption optical depth, as discussed in detail by Aitken 
et al. (19796). We present in Figure 3 new 8-13 /an 
spectra on sources 1 and 2 , obtain^ with an 11 * be^ 
and an EW beam separation of 50' As can be seen, a 
small 11.3 /rm feature as well as an 8.6 /im feature are 
present, but they do not dominate the 8-13 urn spectrum 
as in the observations of Hefele and Holzle (1980). 
The model II silicate absorption depth (model II fit) is 
r «.7 - 2.6 for both regions when the 8.6 and 11.3 /an 
features are not allowed for. A multicomponent fit, also 
incorporating the 8.6 and 11.3 /an features, leads to 
t «.7 » 1.5 for both sources 1 and 2. This estimate exceeds 
the Calvet and Cohen (1978) estimate of A, « 8 mag 
to optical knot 8 ai^ the Eiroa, Elsasser, and 
Lahulla (1979) estimate of A, • 5 mag and 11 mag to 
optical-infrared knots close to the positions of sources 1 
and 2 (corresponding to r «.7 - 0.4 and 0.9, resp^ively). 
Our multicomponent fit excludes r «.7 < 1, which leads 
to the conclusion that the compact H n regions are not 
identifiable with the optical nebulosity. 

By reference to the complete radio synthesis map of 
SI06 by Israel and Felli we ascertain that our observing 
aperture contained the 8 ' x 8 ' compact structure of 
source 1 plus some diffuse emission and most of the 
8 ' X 18* compact structure of source 2, respectively. 
Israel and Felli measure 5 GHz radio fluxes of 0.8 and 
1.3 Jy for sources 1 and 2; we estimate 1.5 Jy radio 
flux in our beam size for each compact H n region. 

The 4-8 /im and 16-30 /im observations, obtained on 
KAO as described in $ II, used 27* and 30* beams, 
respectively, centered on the infrared point source 3. 
which has no radio counterpart. In Figure 4 we depict 
the KAO beam position on a 2.7 GHz radio map 
obtained by Pipher et al. (1976), which is of lower 
resolution than Israel and Felli’s map but which is 
otherwise comparable. We estimate a radio flux of ■» 3 
Jy within the KAO beam sizes. 

These observations are presented in Figure 3, and the 
line fluxes measured are listed in Table 1. Corrected 
fluxes were obtained for an extinction of T 9 7 ■ 1.5. 
With this value of T 9 . 7 , the total sulfur abundance and 
argon abundance are found to be approximately 
standard, and the ionized neon fraction is approximately 
0.6 standard. This region is a low excitation H n region, 
so we take the total neon abundance to be consistent 
with standard abundance. 

NGC 2170^ Mon K2.— Beckwith et al. (1976) dis- 
covered a cluster of infrared sources associate with the 
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peak of the molecular cloud in Mon RZ which is an 
association of reflection nebulae. These sources are 
coiwident with a region containing compact H n 
region(sX « type I OH maser and an HjO maser 
(Downes et al. 1975; Brown, Knapp, and Kuiper 1976^. 
A high resolution radio continuum map at 5 GHz 
obuined by Simon, Righini-Cohen, and Fischer (1981) 
with the VLA reveals a compact H n region 
approximately 20' in diameter with the peak radio flux 
at IRS 1. Little continuum emission appears around the 
nearby source IRS 2. Since the extinction to IRS 2 at 
9.7 im is about a factor of 2 greater than that to IRS 1 
(Beckwith et al. 1976; Pipher 1984 IRS 2 may be a 
^kground object. For these reasons IRS 1 is taken to 
ne the dominant source of infrared forbidden line 
emission. 

Spectroscopic data from 8-13 tan obtained with a 7' 
aperture at KPNO are shown in Figure 5. The extinction 
was computed using the method of Gillett et al. (1975a) 
to obtain the model II value of t,.t. In addition, 

8 tan and 16-30 tan measurements were obtained on 
*^0, and the 27" and 30" beam sizes probably 
encompass the entire H n repon. Unfortunately we do 
Jtot have 2-4 tim data on this source. Only the [Ne n] 
was deteaed from 8-13 tan, and scans across IRS 1 
s ow that [Ne n] fills the H n region. Because [Ar n] 


and [S in] were the only ions of argon and sulftir 
detected, we can say that NGC 2170 is a low exciution 
H n region, and that [Ne n] is the primary ionization 
state of neon. The line fluxes, both corrected and 
observed, are listed in Table 1. 

The abundances iwe computed assuming a radio flux 
of 3,8 Jy for the T aperture measurements and 7.5 Jy 
for the KAO data. Although the argon abundance is 
approxirnaiely standard, the sulfur abundance (S m 
+ S iv) is somewhat low compared to the other H n 
regions that have been sampled. A probable explanation 
for this latter result is the low temperature of the 
exciting star (see below) which would result in most 
sulfur being in the [S n] ionization state. For an assumed 
distance of 0.95 kpc (Beckwith et al. 1976)1 the observed 
7.5 Jy radio continuum flux at 5 GHz (Simon et al. 
1981) implies only a 31,000 K exciting star, although this 
probably is a lower limit to the stellar temperature due to 
possibility of absorption of Lyman-continuum photons 
by dust within the H n region. The ionized neon 
abundance is ~0.5 standard abundance. Since NGC 
2170 IRS 1 is of very low exciution, it is possible that 
neon is somewhat underabundant in this region. 

M42: The Orion Nebula. — M4Z conuining the closest 
mmpaa H n region to us, is, of course, the best studied. 
For example, it was because silicate dust in Orion was 
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Fio 4. (Ir/t) An intrared map of S106 superposed on a Painmar E plale, showing Ihe location of the inirarcd tounies. (rv*t) The 2.7 GHi map of SlOh hy Pipher rf af. with iIk KAO 
beam location marked by a circle centered on source 3. 
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Fio. S.— The 4-30 /an spectrum of NCC 2130 IRS I. Tbe 1-13 im dau an multiplied by a lactor of 10. The beam sizes employed and 
chopper throws are discussed in the text, (or all sources. 


observed in emission at 9.7 fan that the model II fit of 
Gillett ei al. (197Sa) is typioUly quoted in assessing the 
extinction, Ty.y, Thus, it is natural to obtain observations 
of the fine-structure lines at various locations in the 
compact H n region. Unfortunately, however, the angular 
extent of the nebula is sufficiently large that we cannot 
beamswitch off the region, so that there is always some 
reduction in signal level. 

We have obtained observations at several positions in 
Orion, but report here only observations 20'N of 9‘C, 
which are shown in Figure 6. The 8-13 /an observations 
were obtained at KPNO, with an 11" beam and a 48" 
N-S beam throw. The 4-8 /an and 16-30 /on data were 
obtained on KAO with ^ 30" beams, and beam throws 
of 2'.5 E-W, and 2 'jO N-S, respectively. Radio fluxes were 
estimated from the 5 GHz maps of Martin and Gull 
(1975) and are assumed to lx 0.6 Jy in the beam 
corresponding to the 8-13 fim observations, and 4.4 and 
3-6 Jy in the 16-30 /an and 4-8 /an observation beam 
*i»s, respectively. Extinction to this part of Orion is 
oesligibly small. The line fluxes are listed in Table 1 
end ionic abundances relative to hydrogen are reported 
“Table 2. 

Tor the case of sulfur, where more than one ionic 


sute was detected, the ionic f lundanoes can be 
combined. (See Paper I for the formalism.) If the S iv 
does not extend beyond the 11* beam, then the total 
sulfur abundance is approximately 1.0 ± 0.1 times 
sundard, whereas if the S iv extends to at least the 
limits of the 30' beam, then the sulfur abundance would 
be 1 J ± 02 times standard. The ionic abundances of 
At m and Ne n are 0.6 ± 0.1 and 0.41 ± 0.03 times 
standard, respectively. These latter ionk abundances will 
be significant underestimates of the total elemental 
abundances of Ar and Ne for two reasons. As mentioned 
previously, due to the extended nature of the source, 
the S3' N-S chop employed in the observations is 
inadequate to prevent cancellation effects which decrease 
the observed fluxes. Lester, Dinerstein, and Rank (1979), 
who obtained measurements on the radio continuum 
peak r W and 10" S of 0‘C with a 10* beam and a 
26" N-S chop, find correction factors of 4.8 for their 

[ Ar m] and [Ne n] measurements, and 1.3 for their 
S iv] measurements from multiple beam switching 
techniques (to extend the chop to 100") and drift scans 
in Ha. Second, for an 06 exciting star, higher ionization 
states such as A tv and Ne in can lx expected to 
contribute significantly to abundance estimates. Lester, 
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Dinerstein. and Rank (1979) measured [Ne m] optically 
with a beam size similar to their infrared measurements 
and find 70% of the neon to be Ne m in the region they 
sampled. They found ionic abundances of0.7S, 0.60, and 
026 relative to our adopted standard abundances for 
S ni, S [V, and Ne a, respectively, with S n being 
negligible. Upon comparison with the results reported 
here, we find that the spatial position sampled by Lester, 
Dinerstein, and Rank (1979) appears to be of con- 
siderably higher excitation than the position we sampled. 
The lOt^ sulfur abundance deduced by both groups is 
in agreement. 

Optical abundances have been measured for Orion by 
Peimbert and Torres-Peimbert (1977). They sample a 
position 45’ N of 9'C and find ionic abundances of 0.8 
standard neon abundance for Ne m, 0.03 standard sulfur 
abundance for S n, and 0.6 standard sulfur abundance 
for S in. They deduce, on the basis of their ionization 
state correction procedures, a total neon abundance of 
0.93 standard, and a total sulfur abundance of 1.9 
standard. Because of differing beam sizes, it is difficult 
to make quantitative comparisons. However, our Ne n 
abundance of 0.4 standard agrees qualitatively with 
Peimbert and Torres-Peimbert’s conclusion thaf greater 
than 50 % of the neon is Ne m. 


IV. CONCLUSIONS 

We have gathered infrared line fluxes for [Ar a], 
[Ar m], [Ne n], [S m], and [S iv] in five compact H u 
regions in the solar neighborhood. With the exception of 
M42, the regions are all low excitation objects with 
temperatures of the exciting stars < 35,000 K. This result 
is consistent with radio excitation parameters for the 
objects. We have corrected the line fluxes of these objects 
for extinction and beam size effects using the techniques 
developed in Paper I. Since our sample includes one 
extended object with virtually no extinction and several 
small and extended objects embedded in molecular cloud 
material, as well as one small object with negligible 
extinction and since the abundances calculated are for 
the most part consistent with standa'u abundance for 
the solar neighborhood, we claim tnat the techniques 
used in these analyses are thus val’dated. Thus, when we 
combine the results of this paper. Paper I, and recently 
obtained results on a larger sample of objects close to 
the galactic center in a ^ture paper, we can evaluate 
whether excitation and abundance gradents exist in the 
Galaxy. Gradients not only with galactocentric distance 
but also in a spiral arm will be assessnl once a larger 
sample of H n regions has been observed. It is interesting 
to note an overabundance of S in the Perseus arm object 
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SI 56 in the present paper; we shall compare SI 56 with 
other Perseus arm objects in a future paper to assess 
whether abundance variations in H n regions at a given 
galactocentric radius are spiral arm dependent. 
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ABSTRACT 


Measurements of the [Arll](6.99ym), [ArIIll(8.99u»)» 

[Nell 1(12.81 ym), (SIIll(l8.71ym). and [SIV](l0.51yn) lines are 
presented for five compact HII regions along vlth continuum 
spectroscopy. Prom these date and radio data ve deduce lover limits 
to the elemental abundances of Ar, S, and Ne. G25.**-0.2 Is only 5.5 
kpc from the galactic center, and Is considerably overabundant In 
all these elements. GU5.5‘^0.06 Is at T kpc fron the galactic 
center, and appears to be approximately consistent vlth solar 
abundance. S159 In the Perseus Arm, at 12 kpc from the galactic 
center, has solar abundance, vhile M8 In the solar nelghorhood may 
be somevhat overabundant In Ar and Ne. DR22, at 10 kpc from the 
galactic center In the Cygnus arm. Is overabundant in Ar. A summary 
of results from our series of papers to date on abundances Is given. 


I. Introduction 

This Is the third paper In a series presenting observations of 
Infrared fine structure line strengths In galactic HII regions for 
the purpose of assessing abundances In the Galaxy. Hereafter Paper 
I, II are used to refer to Herter et ^ 1981, 1982a, respectively. 
As we have pointed out before. Infrared observations ?.llow one to 
probe large distances from the Sun or deep within a molecular cloud, 
although substantial extinction corrections are required In these 
cases. The weak temperature dependence of the line strengths and 
the potential for obtaining data on two Important Ionization states 
of the argon and sulphur atoms allow direct abundance analysis using 
the Infrared lines. 

In this paper we report ground-based and airborne spectroscopic 
fine structure line observations ft*om 2-30ym for the compact Eli 
region complexes of G25.**-0.2, Gl»5.5+0.06, M8, S159, and DR22. The 
regions G25.U-0.2 and GJ»5.5+0.06 are near the regions G29.9~0.0 and 
GU5.14-0.1 studied in Paper I. G25.**-0.2, at 5.5 kpc. Is the closest 
RII region to the galactic center studied in this series. The 
region M8 has been extensively studied at optical wavelengths, 
allowing direct comparison of Infrared and optical abundance 
estimates. DE22 Is near S106 studied In Paper II, and S159 Is 
another example of a Perseus arm HII region (S158 and 8156 were 
studied in Papers I and II respectively). Since Talent and Dufour 
(1979) have suggested substantial abundance gradients along the 
Perseus arm, these latter HII regions are of particular Interest. 

The fine structure lines studied here Include the [Arlll] and 


[Aril] lines at 8.99u>n and 6.99 pb; the [SIIl] and [SIV] lines at 
18.71^0 and 10.3I;iic; and the [Rell] line at 12.81 ub* These argon 
and Buljdiur ionization states constitute the major Ionization states 
for HII regions with exciting stars of temperature ■ 30,000- 
i*5,OOOK for sulphur and ■ 25,00O-J*0,0O0K for argon according to 
simple d\ist-fl‘ee ionization structiure models (e.g. Lacasse ^ aL 
1980; Lacy 1980). The ionic fraction of Hell Is expected to he 
strongly correlated vlth the ratio of SIII/STV (see Rerter, Heifer 
and Plpher, 1983), so that total atomic abundances of argon, 
sulphur, and, neon can be obtained from these observations. 

In section II ve present the observational techniques employed, 
and a brief review of the methods outlined In Papers I and II for 
estimating and applying extinction corrections and determining ionic 
and elemental abundances. Individual soxurce data and subsequent 
abundance estimates are given in section III, and a summary of the 
abundances f^om the present work and Pa;>ers I and II Is presented In 
section IV. 

II. Observations 

The data described here were obtained with a variety of 
Infrared systems. Ground-based data were obtained primarily at the 
Kltt Peak National Observatory (KPNO), Cerro Tololo International 
Observatory (CTIO) or at the UCSD - U. of Minnesota Mt. Lemmon 
Observatory using CVF spectrometers vlth resolutions AX /X 0.015. 
These data, both prevloxisly published and nev results, are noted In 


Table 1. Sanpllng densities are typically one to tvo data points 
per resolution element. Chopper spaclngs employed for each object 
are given In SIII.C. 

The l*-8um data reported here consist of observations In the 
[Aril] line and adjacent continuum using the UCSD filter vheel 
spectrometer vlth a resolution of X/AX of 0.015 (Russell, Solfer, 
and VI liner 19T7; Puetter et al. 1979) on flights of the Kulper 
Airborne Observatory (KPO) In July I960, June and August 1981. For 
these observations a 27" focal plane aperture was employed, and 
chopped beam spacing and orientation vere chosen to avoid bean 
cancellation. 

The [sill] 18.71ym line fluxes of G25.1*-0.2, S159, and 
Gl*5.5+0.06 vere obtained vlth a 10-channel cooled-gratlng 
spectrometer (McCarthy, Forrest, and Houck, 1979) In July I960. A 
focal plane aperture of 30" vas used and the spectral resolution vas 
approximately 0. 2 vm. Observations of the [SIIl] lines of M8 and 
DR22 vere made vlth a 3“Channel cooled-gratlng spectrometer (Herter 
et al . 1982b) In August 1981. The focal plane aperture vas 
approximately 20" and the spectral resolution vas 0.033um. For both 
sets of observations the choice of beam throv vas similar to that 
used vlth the UCSD Instrument. 

The obsei^ed line fluxes (imcorrected for extinction) are 
listed In Table 1 along vlth the beam sizes and references for 
prevloiisly published observations. The line fltnces for all but 
[Aril] have been derived from a least squares fit to the 
observations of the form Fj^* a+bX ♦ c{exp - [(X-X^)/jj^ ]*}, that Is 


a linear continuum plus unresolved line emission at X « X^, and 
0.6 where was determined ft-om laboratory measurements. 

We vary a, b, c to minimize X* ■ 2 

only one point In the line and one on either side In the adjacent 
continuum were used to estimate the line flux. 

III. Discussion 

a) Estimating Extinction 

In Paper I ve extensively discussed the nature of the 
extinction correction, and here ve will only briefly review the 
correction techniques and the uncertainties Involved. The 
extinction can be computed from the brightness of the hydrogen 
emission lines or from the depth of the 9.7ym silicate absorption. 

In the former method, ve can accurately compute the extinction at 
2.1Tym and l».05ym by compering observed and predicted Brackett line 
fluxes with the ft*ee-free radio flux density or by comparing the 
observed and predicted ratio of the Brackett line fltixes and assuming 
the form of the extinction law from 2 to l»ym. However the short 
wavelength extinction cannot be easily extrapolated to the longer 
wavelengths at which the fine structure lines appear. Alterna- 
tively, the 9*7vm silicate extinction (GlUett et ^ 1975) can be 
determined by fitting the absorption spectrum of the 8-13ym contin- 
uum radiation with an opacity lav which fits the optically thin 
emission from hot dxist In the Trapezium. For some soiirces, uniden- 
tified emission features at 7.7, 8.6, and 11.3ym strongly affect the 


spectrum. For these sovu*ces, a multi-component fit of the form 
developed by Altken et al. (1979) and Jones ^ ^ (i960) is used 
to provide a better estimate of - • 

For each source, all of the available techniques have been used 
to estimate the extinction. A single extinction lav, given In Paper 
I, vas xaed althovjgh there Is no guarantee that the extinction lav 
Is the same from region to region. The extinctions derived from the 
different techniques vere converted to values of t. _ and the mean 

9 • 7 

vas computed for each source. The means 7 are listed In Table 1, 

9*7 

along vlth their uncertainties. The stated uncertainties In the 
corrected line fluxes and calculated abundances include the 
estimated uncertainty In the adopted 7^ ^ . 

B) Estimating Abundances 

Ionic abundances vere estimated bF compeirlson of the corrected 
line fluxes vlth radio flux densities, measxired at vavelengths short 
enough that the nebulae are optically thin (Equation 3, Paper I). 

The electron temperature vas assumed to be 7300K and the ratio of 
electrons to protons L15. The electron density vas estimated from 
the radio flux density and source size vlth an assumed filling 
factor of L Rev, more reliable auid accurate values of the sulphia* 
collision strengths have been employed (Mendoza, 1983) in cooiputation 
of the ionic abundances, listed in Table 2. Table 3 lists the revised 
Sill and SIV abundances (using the new collision strengths) for objects 
studied in Papers 1 and II. 
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Tbe prescription for cooputlng total atonic abundances for 
argon and sulphur from the Aril, Arlll, Sill, and SIV observations 
vas discussed in Paper I. The abundances thus conputed, and 
displayed in Figure 1, are strictly lover Halts to the total 
abundance because 

1) other Ionization states aay be present, 

2) dumping may cause us to underestimate Ionic abundances, 

and 

3) sources extended with respect to measurement bean sizes 
lead to exclusion of certain Ionic contributions, as discussed In 
Paper I. 

Since only one Ionization state of neon vas observed (Hell) It 
is more difficult to calculate the total neon abundance. Hovever, 
in spherical, uniform models of Eli regions employing the OTS 
approximation vlth charge exchange Included, \inder the assumption of 
uniform temperature, it Is found that the Ionic fraction of Hell/Re 
Is correlated vlth the ratio of SIII/SIV, so that the total neon 
atnindance can also be estimated from the Nell measvirement (Berter, 
Heifer, and Plpher 1983). 

The mean electron density, distance, and galacto-centric radius 
for each region are given in Table 

C) Individual Sources 
G25.1t-0.2 « Wl>2 

Radio maps of the G23.^”C.2 region shov tvo sources; the one 
ve studied^ 
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has a half power dlaseter of 10" and total diameter 20". The 
kinematic distance Is k.TiO.T kpc (Relfensteln ^ 1970). It Is 

sltiiated near overabundant Eli regions G29.9~0.0 and G30.8~0.0 
(Paper I and Lester ^ 198l)« which are also within 6 kpc of 

the galactic center. Felll, Tofanl, and D'Addarlo (197^) give a 10.7 
GHz radio flux densltj’ for this component of 2.5 Jy; Herter and 
Krassner (198^) observed the source on the VLA at 5 GHz and confirm 
the flux density of Felll ^ al . The diameters and position of 
Herter and Krassner are listed above. Observations of the 8*‘13um 
spectrum of G25.**-0.2 were obtained on the KPRO 2.1-m telescope In 
J\ine 1980 with a beam throw of 25" and ll»?8 apertxire which Included 
802 of the radio flxix. A model II fit to the very deep silicate 
feature in the 8-13un spectrum gives T_ _ * 5.3±0.3, and the only 

9 • / 

fine structure line observed was the [Eell] line. Observations of 
the [sill] and [Aril] lines were obtained In July 1980 and June 1961 
on the KAO, with a 2* beam throw. Abundances were computed assuming 
■ 2.5 Jy for the [Aril] and [SIIl] lines, and ■ 2.0 Jy for the 
[Hell] line. 

Glt5.5-t-0.06 

Glt 5 . 5 ‘* 0.06 has been extensively studied In the radio and 
Infrared. ZelUk, Klelnmann, and Vrlght (1975) mapped this compact 
Eli region at 10.6)Jm and also presented photometry; in addition, 
Zeilik and Heckert (1977) mapped the region at 2.2ym with a large 
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beam (l'). Radio maps by Matthews et (1977) at 5 GHz with a 
resolution of 7” x 35” reveal that GJ* 5 . 5^.06 consists of three 
components, a 13" diameter source A of 3.3 Jy radio flux density, 
and tvo more diffuse lov density components B and C of 26" and 100" 
respectively. At an adopted kinematic distance of 9.7 kpc 
(Relfenstein et ^.), Matthews et conclude that a 1*7,000K ZAMS 
exciting star is necessary to Ionize component A. 

The 8-13um spectrum, obtained with a lltl8 aperture and a 28" 
beam throw at the KPRO 2.1-m telescope In June 1980, was taken by 
offsetting to radio position A of Matthews et aL and peaOclng up on 
the [Hell] fl\uc. All three fine structure lines available In this 
wavelength range are present. There is some Indication that the 
unidentified H.3vi»i emission feature may be present. The 
substantial silicate extinction Is reproduced by a model II fit 
withTg .y ■ 3.1, or a multi -component fit of 2.6 If graphite grains 
are present, and 3.0 If they are not. We adopt t ■ 2.8±0.U, 

7 • / 

since we do not have 2-lijjm data on this source. 

The [sill] and [Aril] line flux measurements were obtained on 
the KAO In June 1980 and July 1981 respectively, with beam throws of 
2 *. 

Ionic abundances were computed from the corrected line fluxes 
assuming that component A Is the major contribution to the Ionized 
gets. Any contribution from other more diffuse components shoiild 
have been cancelled out by chopping. 
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M8 and the aurro\indlng region la one of the most extensively 
studied RII reglon/oolecular cloud complexes. In the vicinity there 
is a yo\ing cluster (HOC 6530), the 'Hourglass* bright optical HII 
region, and more extended diffuse optical emission. While 9 Sgr Is 
thought to power much of the optical nebulosity, the 07 star 
Herschel 36 may power the nearby Hourglass (Thackeray 1950, Woolf 
1961). Maps at radio wavelengths show that the radio center 
coincides with the northern lobe of the Eo'orglass (Turner ^ 

I97I*, Wink ^ 1975): a high resolution VLA map at 5 GHz 

(Woodward ^ aL 196^} Is used in the analysis below. Infrared maps 
by I^yck (1977), Wright ^ Zelllk (1979), "bronson, Loewensteln, 
and Stokes (1979) and Woodward ^ show peaks at or near the 
northern Hourglass /Herschel 36 region. An 8”13ym spectrum centered 
on the narrow 'waist' of the Hourglass was obtained on the KPRO 
2.1 m telescope In a 15" apertui e with a 60" beam throw in June 
I960, and a partial 2-l»ym spectrum was obtained on the CTIO l>5~m 
telescope In July I960 In a 9" apertiare, with a 30" beam throw. 
Observations of the [Aril] and [SIIl] lines were obtained at KAO In 
June and August 1981. The extinction to M8 has been estimated by a 
multicomponent fit to the 8-13ym spectrum as t_ _ ■ 0. This Is in 
excellent agreement with the visual estimate to the Hoxurglass of A^ 
■ 2.1* assuming Orion-type selective extinction or A^ « 1.1 assuming 
standard selective extinction [Johnson 1967]. lynds and O'Reil 
(1962) find A^ ■ 3.6 assuming a standard extinction law. We cannot 
reliably estimate the extinction fbom the BrY flux and VLA radio map 
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Blnce there Is evidence of a josslble compact source vlth partially 
optically thick Brackett lines in the beam. Hence the corrected 
line fluxes are taken to be equal to the observed line fluxes. 

Ionic abundances are computed using the 5 GHz VLA radio flux density 
estimated for the appropriate beam size (Woodward et aL). 


S159A « ATGL3053 


S1S9A was included in the 5 GHz aperture synthesis observations 
of Perseus arm HII region by Israel (1977) . Hie radio diameter of 
the compact component is 6" and the optically-thin 5 GHz density is 
1.0 Jy. Rossano and Russell (1981) found an extended component as 
well! in a 4*5 beam at 3.2 GHz, the radio flux density is 2.43 Jy. 

An exciting steur of 35,000K is required to support the radio 
amission, hence S159A is a fairly low-excitation compact HII region. 
S159 is near a peak in the CO emission and is at the position of an 
optically bright wisp as noted by Israel. The 8-13Mm spectrum of 
AFGI.3053 was obtained by Merrill (1977) with a 17" beam and a 50" 
bean throw at Mt. Lemmon in 1976 December; that spectrum shows a 
substantial [Nell] line as well as very strong 8.6 and 11. 3pm 
unidentified emission features. The lArll] and ISIIIJ measurements 
were obtained on KAO in 1981 June and 1980 July respectively. 

Because 8.6vtm and 11.3ym features dominate the 8-13ym spectrum, 
it is necessary to use a multi-component fit to estimate the extinc- 
tion. We conclude on the basis of the fit that ^ > 0, and list 
the corrected line fluxes equal to the measured line fluxes in Table 1. 


Ionic abundances are computed assuming S ■ 1.0 Jy. 

V 


DR 22 


DR 22 is one of the 27 soiirces found in a 5 GHz survey of the 
Cygnus X complex by Downes and Rinehart (1966). Fell! et (1971*) 
found DR 22 to be l6" in size with a 10.7 GHz radio flux density 
of 3.2 Jy. High resolution radio maps of DR 22 at 2.7 GHz (Krassner 
et al . 1983) and on the VLA at 5 GHz (Herter and Krassner 1981*) 
yield a size of 22", and the radio flux density can be supported by 
an exciting star of ''' 37,000K. The 2-1* and 8“13ua spectra of DR 22 
were obtained with an U" aperture with a 53" HS beam throw at the 
radio peak by Herter (1981*), and the [Aril] and [SIIl] were data 
obtained in J\ine and August of 1981. Herter (1981*) mapped DR 22 in 
the Brackett lines and adjacent contlnua with an 11" beam, and found 
the extinction In the nebula varied from ^ ■ 1.1* to 2.7. ' He 
deduced that abundance of [Hell] is remarkably constant with 
position in the nebula. The radio flux density used In the 
abundance analyses of [Hell], [Arlll], and [SIV] is 1.1 Jy derived 
ftrom the extinction corrected BrY and Bra fluxes. 

rv. Abundances 

Ve give the Ionic abundances computed for each source In Table 
2. G25.1*~0.2 at 5.5 kpc from the galactic center Is overabundant in 

Aril, Sill, and Hell. Since the half power size of G25.1*'*0.2 is 


smaller than o\ir measurement beam sizes, ve can simply add Ionic 
abundances of argon and sulphur to obtain atomic abundances. Be- 
cause [Arlll] and (SIV] were not detected, we take the Aril and Sill 
abundances to be equal to the atomic abundances. Since SIII/SIV > 9, 
we estimate that Nell constitutes 90 % of the neon In the nebula 
(Herter, Heifer, and Plpher 1983). Thus neon Is 2.U-2.7 times 
standard. Hence G25.**~0.2, like G29.9~0.0, Is overabundant compered 
to standard abundances by approximately a factor of two. 

Similarly, Gh5.5’K).06, at 7 kpc. Is also small compered with 
our meesurement beem sizes. Ve find total abundances of argon and 
sulfer to be 1.1 and 0.66 times standard abundances respectively. 
Since the ratio of SIII/SIV Is 13 Indicating a much softer UV radia- 
tion field than that of the single U7,000K star required to support 
the observed radio flux density, we conclude that most of the neon 
Is Nell, and that the neon abundance Is only O.U times standard 
abundance. 

S159, a member of the Perseus arm. is 12 kpc from the galactic 
center, and is also small compared with our measurement beam sizes. 
It is a low excitation HII region, and iDost of the argon, sulphur 
and neon is in the Aril. SZII. and Nell ionic states. Hence atomic 
abundances of 1. 0.5 and 0.8 are deduced for argon, sulphur and 
neon respectively, i.e. we find S159 to have approximately standard 
abundances of these elements. 

Both M8 and DR22 are extended with respect to our measurement 
beams, and are 9 to 10 kpc from the galactic center respectively. 


15- 


Both N8 and DR22 have been studied in the radio at high resolution 
by Woodward ^ al . (1983) and Herter (1984 ) , emd these maps are used 
to compute total Ar and S abundances using the techniques discussed 
in Paper I. Maps in the iNell] lines and studies of the extinction 
have been made for DR22 (Herter) . We estimate the atomic abundances 
of Ne and S in DR22 to be consistent with standard abundeinces, while 
DR22 is slightly overabundant in Ar. M8 is appeurently overabwdant 
in Me and Ar. 

In figiires la-d we have plotted the estimated atomic abundances 
of Ar, S and Ne as well as Ne^, as compared with solar abundance for 
the sixteen HII regions we have studied in Papers I, IZ and the 
present paper, assuming no uncertainty in R, the galactocentric 
distance. In these figures, the Ne**^ abundances from Paper I have 
been adjusted to reflect the standard neon abundance used in Paper II, 
and these abundances have been converted to total neon abundemces 
using the observed ISIII/SIV] ratios. Despite the fact there is 
scatter about the solar abundamce value of ±1 unit peak to pea)c, 
we immediately can conclude there is no compelling observational 
evidence for extreme abundance gradients in our Galaxy in these 
three elements. While there is a slight trend towards decreasing 
abundance with increasing galacto-centric radius R, the result 
depends heavily on the few observations obtained to date at R<6 kpc. 
The formal results for argon, neon and sulphur are d log (Ar/H)/dR» 
-0.06 Ape, ^ lo^(Ne/H ) _ -o. 19 Ape and ” -O.lOApc 

respectively. These should be compared with 0/H and N/H results 
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froiD 8-14 kpc in the tolar neighborhood by Peinbert, Torres-Peiobert , 
and Rayo (1976) who quote gradients in the sane units of -0.13 and 
-0.23 respectively. A recent paper by Shaver et sd. (1983), using 
conbined optical and radio observations, deduce oxygen and nitrogen 
gradients of -0.07, and -0.09 in the sane units with very snail 
scatter. Their results for other elements are less certain because 
of observational difficulties, but they suggest sulphur may have a 
nuch snaller gradient. The scatter in the present results is 
larger than they found for O and N. Talent and Dufour (1979) have 
derived substantial abundance gradients with galacto-centric distance 
along a given spiral am using optical measurements: these 

deteminations exhibit much less scatter than the global studies 
Oaoth optical and infrared) . We have not yet obtained a sufficient 
infrared sample along a spiral am to assess these findings. 

We must draw attention to W33, the low point at 6 kpc on all 
four figures. The argon and sulphur measurements lead to the 
conclusion that W33 is underabundant compared to standard. However, 
a previous large bean measurenent in Sill showed it to be over- 
abundant (McCarthy, 1980: see Paper 1). A second small beam (20**) 

measurement in Sill with chopper throws of S' and 6* oriented ME 
to SW yielded results identical to those of Paper I (Herter, private 
communication) . A possible explanation of the small bean Sill 
measurements is that high density clumps exist in the region: if 

so the Sill abundance is underestimated. Future plems include 
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neasurenent of the ISZII] 33um line to estimate the density. Aperture 
synthesis maps of W33 recently published (Ho and Haschick 1981) may 
help future detailed studies of the region. 

V. Conclusion 

Abundances measurements for a total of 16 HII regions based on 
Ar, Ne and S infrared fine structure lines show a slight trend towards 
decreasing abundances with increasing galacto-centric radius. Region 
to region scatter at nearly constant radius is, however, as large as 
the alleged gradient. In particular, we measure low abundances for 
W33 at small radius, while S158 and S106 have high abundances at 
larger radii. The latter determinations seem secure, while the 
determination for W33 is less so. 

The major uncertainties in abundemce measurements in the infrared 
include 1) beam size corrections 2) extinction corrections and 
3) corrections for unmeasured ionization states. The first two 
of these might potentially explain the low abundances derived for 
H33. As noted in SiV, the presence of high density clumps can 
dramatically affect the SIX! emissivity, so that the S abundance 
would be underestimated (see Herter et al . 1982b) . It is imperative 
that both ionization states of argon and sulphur be measured with 
the same large (with respect to source diameter) beam size if 
uncertainties due to item 1) are to be ruled out: an alternative 
method would be complete maps in the lines. Also, if a greater 
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nunber of hydrogen reconiiibation lines were measured in each region 
in order to tie down the extinction law, and hence the appropriate 
extinction for each fine structure line, with the same large beam , 
the second uncertainty could be alleviated. Finally, empirical 
relationships concerning the excitation conditions or correcting 
for the unmeasured ionization states aure required. The total neon 
abundance has been estimated here from a model correlation between 
the Nell fraction and the ISIII/SIV] ratio, for example. 

In spite of the uncertainties, there appear to be real differences 
between the abundances for different elements. There also appears to 
be a real spread in element abundances, at least at a galactocentric 
radius near that of the Sun. 
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Table 1 

Observed and Extinction Corrected Line Fluxes 


Object 

^9 7 

Line 

Beam 

Flux^ 


Corrected Flux 


y • i 


('•) 

(10"^®Wcm“^) 

A 

(10"^®Wcm'^) 

C25.4-0.2 

5.310.3 

Aril 

27 

4.010.5 

1 . 610.1 

• 2014 



Arlll 

15 

<0.4 

4.210.2 

<27 

• 


Sill 

30 

5.011.4 

3.210.2 

123142 



SIV 

15 

<0.5 

4.510.3 

<45 



Nell 

15 

2012 

1.910.1 

130120 

G45.5<K).06 

2.810.4 

Aril 

27 

4l2 

0 . 810.1 

8.714 



Arlll 

15 

1.810.3 

2.210.3 

1616 



Sill 

30 

1611. 5 

1.710.2 

88119 



SIV 

15 

2.610.4 

2.410.3 

29110 



Nell 

15 

1211 

l.OlO.l 

3314 


M8 

0.0 Aril 

27 

1012.5 


Arlll 

15 

2.310.3 


Sill 

20 

2611 


SIV 

15 

<1.2 


Nell 

15 

2312 


BrY 

9 

0.231.01 


S159 

0.0 Aril 

27 

4.210.8 


Arlll 

22 

<1.4 


Sill 

30 

1211.3 


SIV 

22 

<1.7 


Nell 

22 

2011 


DR22 

2.210.3 Aril 

27 

10.7i3 

0.710.1 

21.5±7 


Arlll 

11 

0 . 810 . 2 * 

1 . 810.2 

4.811.6 


Sill 

20 

1711 

1.310.2 

62113 


SIV 

11 

<1.2* 

1.910.3 

<8 


Nell 

11 

7.111.0* 

0 . 810.1 

1613 


BrY 

11 

0.121.01* 

2.2510.3 

1.1410.15 


Bra 

11 

0.971.04* 

1.2010.15 

3.2210.4 


Notes 


a. Measurements at peak radio flux position 

b. Uncorrected for extinction. 
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Table 2 




Determination of Ionic 

Abundances 

.1 

Object 

Line 

S 

V 

(Jy) 

,,--22 3 -1 

JL V ^ A ^ 

(with respect to standard ^ 
atomic abundance)* 

■ 


(10 erg cm a sr 

) (10 ) 

G25.4-0.2 

Aril 

2.5 

3.14 

9.011.8 

1.910.4 -t 


Arlll 

2.0 

l.lt* 

< 6.6 

<1.4 2 


Sill 

2.5 

5.82 

30110 

1.810.6 


SIV 

2.0 

25.94 

<3.06 

<0.2 


Nell 

2.0 

0.940 

243130 

2.410.2 Jj 

G45.5-fO.06 

Aril 

3.3 

3.16 

2.911.5 

0.610.3 


Arlll 

3.3 

7.46 

2.310.9 

0.510.2 T| 


Sill 

3.3 

7.67 

1212 

0.810.2 


SIV 

3.3 

30.19 

1.010.4 

0.0610.02 


Nell 

3.3 

0.961 

3714 

0.3610.03 ^ 

U 

M 8 

Aril 

1.91 

3.16 

6.411.6 

1.410.4 


Arlll 

0.67 

7.46 

1 . 810.2 

0.3810.05 _ 


Sill 

1.24 

7.93 

10.210.4 

0.6410.24 4 ! 


SIV 

0.67 

31.16 

<0.25 

<0.02 


Nell 

0.67 

0.961 

43113 

1.3910.08 

ttl 

S159 

Aril 

1 

3.14 

4.710.9 

1 . 010.2 U 


Arlll 

1 

7.24 

<0.7 

< 0.2 


Sill 

1 

5.82 

7.510.7 

0.4610.05 77 


SIV 

1 

25.94 

<0.25 

<0.01 ji 


Nell 

1 

0.940 

7514 

0.7510.03 

0 R 22 

Aril 

3-2b 

3.17 

7 .O 12 

l.SlO.4 [| 


Arlll 

1.1 

ji 

7.59 

2.210.5 

0.4610.10 


Sill 

3-2* 

9.32 

6.611.7 

0.4210.09 T] 


SIV 


33.33 

<0.9 

<0.06 


Nell 

1.1 

0.973 

_ _ _ _ _ e 

6016 

0.6010.06 ** 

11 


^Assumed Standard Abundances: S/H»1.6xl0"®; Ar/H-4.7*10*®; Ne/H-l.OxlO"** 


a. v*10.7GHz ^ 

i 

a 


Tl 



be deduced from Brr flux corrected for extinction. 
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Table 3 


Sulfur Ionic Abundances 


(2xVh) 

(V"h) standard 


For Objects From Papers I & II 


SOURCE 

SIV 

G29. 9-0.0 

<0.06 

G12.8-0.2 

0.04±0.01 

G45. 1+0.1 

0.0810.03 

G75. 84+0.4 

0.0610.006 

W3IRS1 

0.1410.04 

NGC7S38IRS2 

0.0110.02 

S88B 

<0.07 

S156 

— 

S106 

<0.04 

NGC2170IRS1 

<0.01 

H42(20"N9,C) 

0.0910.01 


gaiactocent:-.ic 

sill RADIUS ROcpc; 


1.010.39 

5 

0.2210.05 

6 

0.3710.08 

7.5 

1.2110.06 

10 

0.6710.12 

12 

0.3410.17 

12.7 

0.4810.34 

9 

1.0010.18 

11.7 

0.6810.14 

10 

0.2710.07 

12.5 

0.6110.06 

10.5 



*Using the collision strengths of sulphur (Mendoza 1983} 
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Figure Captions 


Ratio of standard ** * function of 

galactocentric radius R; 12+log (Ne/H) ^ ^ - 8.0. 

standard 

Ratio of - <”*/**^/‘"*/“^tandard * function of 

galactocentric radius R, 12+log(Ne/H) ^ * 8.0. 


Ratio of n /n . . . ■ (Ar/H)/(Ar/H) ^ . . as a function of 

X standard / « / standard 

galactocentric radius Rj 12+log « 6.67. 


Ratio of n /n ^ . . » (S/H)/(S/H) , . as a function of 

X standard standard 

galactocentric radius R> 12+log (S/H) , . ■ 7.20. 
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